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ABSTRACT	
A three-year multigenerational greenhouse study was conducted to determine 
the fitness costs of five herbicide resistances (HR) in waterhemp. In the study, a 
synthetic waterhemp population segregating for five types of HR was subjected to 
competitive growth conditions in the absence of herbicide selection for six generations. 
The resistance frequencies of each generation were determined from both whole-plant 
herbicide treatments (glyphosate, atrazine, 4-hydroxyphenylpyruvate dioxygenase 
(HPPD) inhibitors) and molecular markers (acetolactate synthase (ALS) and 
protoporphyrinogen oxidase (PPO) inhibitors). Our result is the first report of the fitness 
costs for NTR to atrazine and HPPD inhibitors, as well as for the different fitness costs 
of two EPSPS alterations. Our results indicate that the resistance traits have no fitness 
costs, with the exception that ALS inhibitor resistance conferred by T574L target-site 
substitution had a minor fitness cost. Specifically, the relative fitnesses determined from 
the overall resistance frequency changes were 0.92, 1.02, 1.09, 0.97, and 1.07 for 
resistances to ALS and PPO inhibitors, atrazine, HPPD inhibitors, and glyphosate, 
respectively. It was also determined that glyphosate resistance (GR) in the study 
population was endowed by at least two resistance mechanisms (P106S target-site 
mutation and amplification of the 5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) gene). A phenotype-genotype association analysis was conducted to 
determine if the two GR mechanisms differ in their fitness costs and significance in 
conferring resistance. No fitness penalty was observed for the P106S substitution, while 
EPSPS amplification had a significant fitness cost (relative fitness of 1.12 and 0.72, 
respectively). EPSPS amplification and the P106S mutation did not fully account for 
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glyphosate resistance in the population. The evolution of GR likely is a result of the 
interplay of different resistance mechanisms, with relative fitness of the mechanisms—
both in the presence and absence of glyphosate—playing roles. The results from this 
novel study add to a growing body of evidence indicating that herbicide rotation is not 
an effective resistance management strategy because most herbicide resistances lack 
significant fitness costs.  
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1.1 Waterhemp biology 
Common waterhemp (Amaranthus tuberculatus) is a summer annual weed that 
belongs to the Amaranthaceae family, which contains both economic crops such as 
grain amaranth (Amaranthus hypochondriacus) and many weedy species (e.g. 
pigweeds). Waterhemp has been a troublesome weed for farmers throughout the 
midwestern United States for decades due to some of its unique weediness characters. 
First, as a C4 species, waterhemp has high photosynthetic efficiency, which enables it 
to thrive in high light and high temperature environments (Johnson and Hatch 1968; 
Black et al. 1969). Waterhemp can grow as fast as 2.5 to 4 cm per day during the 
growing season, which significantly reduces the time frame for optimum control of the 
species by post-emergence herbicides (Horak and Loughin 2000; Sellers et al. 2003). 
Additionally, waterhemp has a prolonged emergence pattern and thus can produce 
multiple cohorts throughout the growing season. The extended emergence pattern of 
waterhemp allows it to avoid many pre-emergence herbicides and escape from post-
emergence applications of non-residual herbicides (Hartzler et al. 1999; Steckel et al. 
2007). In addition, waterhemp is a prolific seed producer: it is capable of producing up 
to 1 million seeds per plant under optimal conditions, and produces one and one-half 
times more seeds per gram of dry weight than most other pigweed species (Sellers et 
al. 2003). Last but not the least, waterhemp is dioecious, which means it is forced to 
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outcross with other waterhemp plants, and is able to hybridize with other amaranth 
species. The out-crossing nature of waterhemp contributes to a higher level of genetic 
diversity, which speeds up the evolution and spread of novel herbicide resistances as 
well as other weedy traits that help the weed better survive the unpredictable agronomic 
systems (Jeschke et al 2003; Trucco et al. 2005; Wetzel et al. 1999). 
1.2 Evolution of herbicide resistance (HR) in waterhemp 
Waterhemp used to be well controlled by various herbicides with different modes 
of action.  Unfortunately, due to the extensive use of herbicides over the past decades, 
waterhemp has evolved resistance to herbicides of six mode of actions including 
acetolactate synthase (ALS) inhibitors, photosystem II (PSII) inhibitors, 
protoporphyrinogen oxidase (PPO) inhibitors, 5-enolpyruvylshikimate- 3-phosphate 
synthase (EPSPS) inhibitors, 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors 
and most recently, a plant growth regulator herbicide 2,4-D (Heap 2015). The 
chronology of the evolution of HR in waterhemp is shown in Figure 1.1. 
1.2.1 Herbicide mode of action 
PPO (EC 1.3.3.4) inhibitors inhibit the last enzyme that catalyzes the oxidation of 
protoporphyrinogen IX (protogen) to protoporphyrin IX (proto) in the tetrapyrrole 
biosynthesis pathway that produces heme and chlorophyll for electron transfer and 
photosynthesis (Beale and Weinstein 1990; Layer et al. 2003). When PPO enzyme is 
blocked by PPO-inhibiting herbicides, protogen IX, the substrate of PPO, accumulates 
and is exported from chloroplast and mitochondria into the cytoplasm, resulting in the 
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production of singlet oxygen and other reactive oxygen species (ROS) that attack and 
destroy lipids and proteins of membranes (Jacobs and Jacobs 1993; Lee and Duke 
1994; Duke et al. 1991). Plant death is due to loss of membrane integrity through lipid 
peroxidation (Hess 2000). As contact burners, symptoms of PPO-inhibiting herbicides 
can occur within 1 to 2 hours after treatment, appearing first as “water-soaked” spots on 
contacted foliage followed by necrosis of the whole tissue. Commercialized PPO-
inhibiting herbicides are in several chemical families including diphenylethers, N-phenyl-
phthalimides, and aryl triazinones (Duke et al. 1991; Hao et al. 2011). 
ALS (EC 2.2.1.6)-inhibiting herbicides inhibit the first common enzyme ALS 
during the biosynthesis of the branched-chain amino acids (valine, leucine, and 
isoleucine) (Durner et al. 1990). Plants that are treated with ALS inhibitors die from 
depletion of branched-chain amino acids or the accumulation of toxic intermediates 
such as α-ketobutyrate and α-amino-butyrate (Van Eerd et al. 2004). The typical 
symptoms of ALS inhibitor treated plants are stunting, yellowing, purple veins, dead 
growing points, and bottlebrush roots. About 50 ALS-inhibiting herbicides are currently 
commercialized and those herbicides can be divided into five different chemical classes: 
(sulfonylureas (SU), imidazolinones (IMI), triazolopyrimidines (TP), 
pyrimidinylthiobenzoates (PTB), and sulfonylamino-carbonyl-triazolinones) (Green 
2007). 
Atrazine belongs to the triazine family of photosystem II (PS II) inhibitors. 
Atrazine inhibits a key step in photosynthesis, the reduction of plastoquinone by D1 
protein on thylakoid membranes in chloroplasts. Atrazine binds irreversibly to the 
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secondary electron carrier (QB) of D1 protein and thus prevents the binding of 
plastoquinone and inhibits the electron transport (Pfister and Amtzen 1979). As a result, 
the synthesis of ATP and NADPH in the chloroplast is depleted, and the plants cannot 
use the captured light to fix CO2 and produce sugars. The impairment in photosynthesis 
also results in oxidative stress and massive accumulation of triplet chlorophyll 
molecules, which cause lipid peroxidation and rapid cellular damage as indicated by leaf 
necrosis (Hess 2000). PSII inhibitors include several chemical families including 
triazines, nitriles, ureas, and uracils (Oettmeier 1992). 
Glyphosate disrupts EPSPS (EC 2.5.1.19), the key enzyme of the shikimate 
pathway, which synthesizes chorismate-derived aromatic amino acids (phenylalanine, 
tyrosine, and tryptophan). EPSPS catalyzes the step that converts 
phosphoenolpyruvate (PEP) and shikimate-3-phosphate (S3P) to form 
enolpyruvylshikimate-3-phosphate (EPSP) (Amrhein et al. 1980), an important 
precursor in the biosynthesis of aromatic amino acids and many secondary aromatic 
plant metabolites (Herrmann et al. 1999). When susceptible plants are sprayed with 
glyphosate, glyphosate competitively inhibits EPSPS by binding to EPSPS-S3P binary 
complex to form an EPSPS-S3P-glyphosate complex (Alibhai and Stallings 2001). Plant 
death happens in two ways: a. the depletion of aromatic amino acids and other 
downstream products; b. the accumulation of shikimate as a result of lack of feedback 
inhibition and continuous increase of S3P (Steinrucken and Amrhein1980; Harring et 
al.1998). As a systemic herbicide, the symptoms of glyphosate typically take 7 to 10  
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days to manifest, and appear as purpling, interveinal chlorosis, and stunting of the 
plants. 
HPPD (EC 1.13.11.27) is a key enzyme in tocopherol and plastoquinone 
biosynthesis, by catalyzing the conversion of 4-hydroxyphenylpyruvate (HPPA) to 
homogentisate (HGA) and carbon dioxide in the presence of oxygen and ferrous ion 
(Wu et al. 2002). Tocopherol (Vitamin E) is a scavenger of activated singlet oxygen 
(Fedtke and Duke 2005). Plastoquinone acts as the electron acceptor in photosynthesis 
and biosynthesis of carotenoid, essential redox intermediates in electron transfer 
processes of photosystem II, and in pigments for the light harvesting complexes (Hess 
2000; Hamprecht and Witschel 2007). HPPD inhibitors competitively inhibit the HPPD 
enzyme and prevent carotenoid and chlorophyll formation, and cause degradation of 
chlorophyll due to lack of the protection of carotenoids. Sensitive plants sprayed with 
HPPD inhibitors typically show bleaching symptoms in the newly formed leaves and 
impairment of photosynthetic activity (Hamprecht and Witschel 2007). There are three 
chemical classes within the HPPD inhibitor group: triketones, isoxazoles, and 
pyrazolones (Hirai et al. 2002; van Almsick 2009). 
1.2.2 HR evolution history and resistance mechanisms  
The first case of PPO resistance was reported in waterhemp in a soybean field in 
Kansas in 2001 (Heap 2015). By now only two resistance mechanisms have been found 
in PPO inhibitor resistant weeds. The PPO inhibitor resistance in waterhemp is 
endowed by a codon deletion (ΔGly210) in the PPX2L gene. The deletion mutation 
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adjacent to the active site. As a result, the catalytic efficiency of the enzyme is 
decreased, by having a 50% larger active site cavity (Patzoldt et al. 2006; Dayan et al. 
2010). Another resistance mechanism was found in common ragweed (Ambrosia 
artemisiifolia), which is due to a substitution mutation at a conserved location 
(Arg98Leu) of the PPX2 gene (Rousonelos et al. 2012)  
Although as a herbicide group that bears many features of “ideal” herbicides, 
overreliance on ALS inhibitors has also rendered it the MOA that has the highest 
number of resistant weed species (Mazur and Falco 1989; Heap 2015). The first case of 
ALS inhibitor resistance was reported in rigid ryegrass (Lolium rigidum) in Australia in 
1982 (Heap 2015). In the United States, ALS inhibitor resistance was first reported in 
prickly lettuce (Lactuca  serriola) in 1987, only 5 years after sulfonylurea (SU) herbicides 
were introduced (Mallory-Smith et al. 1990). The predominant resistance mechanism for 
ALS inhibitors is target-site (TR) mutation: 26 substitutions across eight conserved 
amino acids of ALS gene (Tranel and Wright 2002; Yu et al. 2015). These mutations 
reduce the sensitivity of ALS enzyme to herbicides to different magnitudes: Ala122 or 
Ser653 substitutions usually confer resistance to IMIs but not SUs, and Pro197 
substitution often results in SU but not IMI resistance. However, the Trp574Leu 
substitution confers very high resistance to all ALS inhibitor classes (Bernasconi et al. 
1995; McNaughton et al. 2001; Foes et al. 1999; Sibony et al. 2001; Tranel and Wright 
2002). A second ALS inhibitor resistance mechanism is non-target site resistance 
(NTR), which is endowed by increased metabolism or rapid detoxification of the 
herbicide (Christopher et al. 1992; Owen et al. 2012). In waterhemp, TR ALS 
resistances were conferred byTrp574Leu, Ser653Asn, and Ser653Thr amino acid 
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substitutions (Patzoldt and Tranel 2007), and both TR and NTR resistance mechanisms 
were reported in waterhemp (Guo et al. 2015).  
PS II inhibitor resistant waterhemp was first documented in Nebraska in 1990 
(Anderson et al. 1996a) and later in other areas in the Midwestern United States and 
Canada (Heap 2015). In most cases, the resistance mechanism for atrazine was 
identified as an altered thylakoid D1 protein, endowed by a point mutation (Ser264Gly) 
on the chloroplast gene psbA that encodes for the D1 protein (Hirschberg and McIntosh 
1983; Foes et al. 1998; Tian and Darmency 2006). Similarly to ALS inhibitor resistance, 
triazine resistance in waterhemp is conferred by both TR and NTR mechanisms (Foes 
et al. 1998; Patzoldt et al. 2003; Patzoldt 2005). The NTR mechanism in waterhemp is 
metabolism based, likely via glutathione S-transferase (GST) conjugation (Patzoldt et al. 
2003; Patzoldt 2005). According to a survey, non-target-site triazine resistance was 
present in about 25% of field-collected samples in Illinois, and was more common than 
TR among Illinois waterhemp populations (Patzoldt et al. 2003). 
Glyphosate is the world’s most widely used herbicide, and the evolution of 
glyphosate resistance (GR) was, at one point, considered an unlikely event due to the 
unique MOA and lack of natural metabolites and residual activity of the herbicide 
(Bradshaw et al. 1997). Indeed, no evidence of weeds evolving resistance to glyphosate 
under field conditions was observed for the first two decades of the broad and repeated 
use patterns of this herbicide (Holt et al. 1993). However, driven by the phenomenally 
extensive use of glyphosate, especially after the introduction of transgenic glyphosate-
resistant crops (Duke and Powles 2008), weeds evolved resistance to glyphosate at a 
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rapid rate. GR was first reported in an Australia rigid ryegrass population in 1996. By 
now, 32 weed species have evolved resistance to glyphosate, including 16 dicots and 
16 monocots (Heap 2015). The first case of glyphosate-resistant waterhemp was 
reported in 2005 in Missouri; subsequently, glyphosate-resistant waterhemp has been 
documented in 16 states of the United States (Heap 2015). 
The GR mechanisms can be classified into three categories: 1)	TR gene 
amplification, 2) TR mutation, 3) NTR exclusion mechanisms due to reduced 
translocation or impaired cellular uptake (Sammons and Gaines 2014). Gene 
amplification as a GR mechanism has now been reported in many weed species 
including Palmer amaranth (Amaranthus palmeri), waterhemp, kochia (Kochia 
scoparia), Italian ryegrass (Lolium perenne ssp. multiflorum), spiny amaranth 
(Amaranthus spinosus), and great brome (Bromus diandrus) (Wiersma 2012; Salas et 
al. 2012; Nandula et al. 2013a; Malone et al. 2016). The TR mutation is typically located 
at position 106 in EPSPS resulting in an amino acid change from proline to serine or 
threonine (P106S or P106T, respectively). The P106 TR mutation confers GR in species 
including goosegrass (Eleusine indica) (Baerson et al. 2002), rigid ryegrass (Wakelin 
and Preston 2006), Italian ryegrass (Jasieniuk et al. 2008), Digitaria insularis (de 
Carvalho et al. 2012), waterhemp (Bell et al. 2013), junglerice (Echinochloa colona) 
(Alarcón-Reverte et al. 2014) and common ragweed (Parrish 2015). However, mutations 
can happen in other EPSPS positions in E. coli (Sammons and Gains 2014) and some 
have been confirmed in field evolved resistant weed species later: Pro182Thr 
substitution in Sumatran fleabane (Conyza sumatrensis) (González-Torralva et al. 2013) 
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and double amino acid substitutions TIPS (T102I + P106S) leads to high level of 
resistance in goosegrass (Yu et al. 2015). NTR has been reported in both grassy weeds 
such as rigid ryegrass, Italian ryegrass, and Johnsongrass (Sorghum halepense) 
(Lorraine-Colwill et al. 2003; Riar et al. 2011; Perez-Jones et al. 2007) and broadleaf 
weeds (Feng et al. 2004; Nandula et al. 2013b) Recently, weeds that stack both TR and 
NTR mechanisms have been reported in some weed species including rigid ryegrass 
(Bostamam et al. 2012), waterhemp (Nandula et al. 2013b), Sumatran fleabane 
(González-Torralva et al. 2013), junglerice (Alarcón-Reverte et al. 2014), and 
goosegrass (Chen et al. 2015). All three mechanisms (EPSPS amplification, P106S 
mutation, and reduced translocation) have been identified or at least suspected in 
waterhemp (Nandula et al. 2013b; Chatham et al. 2015a, 2015b). 
The first case of resistance to HPPD inhibitors was reported in an Illinois 
waterhemp population (Hausman et al. 2011). Crops are naturally tolerant to HPPD 
inhibitors through enhanced metabolic activity of cytochrome P450 monooxygenase 
(P450) or GST (Kreuz et al. 1996; Riechers et al. 2010; Abit and Al-Khatib 2009). For 
example, tolerance to mesotrione in corn is due to rapid metabolism through ring 
hydroxylation catalyzed by P450 activity and slower uptake relative to sensitive weeds. 
Also being a grass, corn has a less sensitive form of the HPPD enzyme relative to dicot 
weeds (Hawkes et al. 2001; Mitchell et al. 2001). Similarly, the resistance mechanism 
for mesotrione in waterhemp has been found to be enhanced oxidative metabolism 
through P450 activity (Ma et al. 2013). This distinctive detoxification mechanism is the 
only resistance mechanism for HPPD inhibitors that has been discovered in weed 
species so far. 
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1.3 Factors that influence the evolution of HR  
Evolution can occur on both micro and macro scales. According to Baker (1965, 
1974), “weeds are excellent subjects for the study of microevolution”. Table 1.1 shows 
the timeframe of first reports of HRs and earliest use of the herbicides (Heap 2015, 
Kraehmer et al. 2014). ALS inhibitors, which were commercialized in early 1980s, have 
154 weed species with evolved resistance. However, resistance to other herbicides that 
were commercialized earlier, such as 2,4-D, PSII inhibitors, PPO inhibitors and 
glyphosate, have only 32, 73, 7 and 32 resistant weed species, respectively (Heap 
2015). How long does it take for weeds to evolve resistance to each herbicide group? 
Why do some herbicides and some weed species seem to be more prone to the 
evolution of resistance than others? Obviously, the usage of the herbicide is not the only 
factor that matters.  
Previous studies (Roux and Reboud 2007; Gressle 1978) categorized the factors 
that influence the evolution of HR into three groups. The first group is operational 
factors that influence the intensity of selection pressure, such as herbicide application 
over time and space. The second group is biological factors such as the life history traits 
of the plants, seed dormancy, breeding system (monoecious versus dioecious), seed 
and pollen dispersal patterns, and soil seed bank reservoir. The third group is genetic 
factors referring to initial frequency, pleiotropic effect, and inheritance pattern 
(dominant/recessive) of the resistance genes. 
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1.3.1 Biological factors 
Numerous biological factors can influence the evolution of HR.  Those factors 
include heritable variability, breeding system, reproductive capacity of the weeds, life 
cycle, population size, plasticity, seed dormancy and soil seed reservoir (Harper 1956; 
Gressel 1978; Jasieniuk et al. 1996; Holt et al. 2013; Tatnell et al. 2007). The plant 
genome size can influence the likelihood of mutation endowing resistance with plants of 
larger genome (e.g. polyploidy) having a higher risk to develop mutations that lead to 
resistance. The breeding system of plants can influence the rate of HR evolution when 
HR is conferred by single dominant nuclear gene, with out-crossing species developing 
resistance faster. In contrast, self-fertilized species are favorable for HR controlled by 
cytoplasmically inherited or recessive genes. The fecundity of plants can influence 
propensity of HR: a prolific seed producer is more likely to retain and spread the HR 
mutant alleles among the population. The life cycle of weeds influences how quick the 
weeds respond to directional selection pressure:  short-lived species (e.g. annual 
weeds) are more likely to evolve HR than long-lived species (e.g. biennial or perennial 
weeds) (Holt et al. 2013). Seed and pollen dispersal pattern of weed species influences 
how far resistance alleles can travel and spread geographically. The turnover rate and 
the components of soil seed bank influences the rate of HR evolution by affecting the 
proportion of plants that show HR over time: if the soil seedbank starts with more 
susceptible seeds at germination depth, those susceptible seeds may out-compete their 
resistant counterparts and slow down the HR evolution in the population (Cavan et al. 
2000). Similarly, a soil seed bank with a larger component of resistant seeds will keep 
the population resistant in spite of changes in management methods. However, these 
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biological factors differ in their importance in predicting HR evolution. According to 
simulations done by Tatnell et al. (2007), seed production and weediness (competition 
ability against crops) contribute more to resistance risk than other factors such as 
breeding system and seed persistence. To summarize, the biological factors that 
influence HR evolution largely overlap with the 12 traits for “ideal” weeds that Baker 
(1965, 1974) compiled (listed in Table 1.2). 
1.3.2 Operational factors 
Humans are the world's greatest evolutionary force, which is especially true when 
considering HR evolution. The evolution of HR is largely a consequence of repeated 
application of herbicides with the same mode of action (MOA) or site of action (SOA). 
All the operational factors involved with herbicide application determine the intensity of 
herbicide selection pressure and work together to continually dictate the evolution of 
HR: at what rate herbicides are sprayed, what herbicide groups are sprayed over time 
and space and how long the herbicide remains active. How operational factors influence 
HR evolution is explained in detail below. 
Variations in herbicide groups sprayed over time and space (herbicide 
rotation/cycling) influences the rate of HR evolution. Herbicide rotation introduces 
temporal environmental heterogeneity by exposing the sequential generations to 
different selection pressures, and thus slows down the gradual buildup of resistance.	
Modeling simulations indicate that herbicide rotation and mixtures with different modes 
of action are effective practices to mitigate HR evolution (Beckie and Reboud 2009). 
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However, empirical data suggest that herbicide cycling has more complex and less 
favorable effects on the evolution of resistance than generally assumed (Lagator et al. 
2013; Evans et al. 2016). Therefore, the most efficient HR management requires 
integrating diversification of both chemical and non-chemical weed control methods 
(Sosnoskie and Hanson 2013; Westerman et al. 2005).	 
Also, the herbicide application rate plays a significant role in determining the 
resistance mechanism(s) selected in out-crossing species with high genetic diversity 
like waterhemp (Yu and Powles 2014). Application of high rates of herbicides usually 
results in selecting for TR (i.e. monogenic), whereas ‘creeping resistance’ (i.e. 
polygenic) is attributable to reduced herbicide rates (Gressel 1995). Residual activity is 
another factor that influences the evolution rate of HR. Herbicides with longer residual 
activities enforce a greater level of selection pressure to susceptible weeds by affecting 
multiple weed cohorts within one growing season compared to herbicides of shorter or 
no residual activity (Lanini 2008).  
1.3.3 Genetic factors 
Microevolution (e.g. evolution of HR) is essentially a process of change in gene 
frequencies within a population as a result of selection, mutation, migration, or random 
drift (Christoffers 1999). Therefore genetic factors such as variation and heredity of the 
resistance genes play critical roles in HR evolution and must be taken into account 
when developing effective management strategies (Christoffers 1999). Following are 
some major genetic aspects that profoundly shape the evolution of HR. 
	 14	
1.3.3.1 Initial resistance frequency 
As it is hard to make bricks without straw, resistance alleles must exist in the 
population before selection can act (Christoffers 1999). There are three origins of HR 
traits in local weed populations: (1) standing genetic variation; (2) spontaneous 
mutations conferring resistance within the weed population; (3) introgression of resistant 
genes from closely related weed species or transgenic crops through hybridization or 
seed or pollen movement (reviewed by Owen and Zelaya 2005; Busi et al. 2013). The 
initial frequency of resistance has a profound influence on the evolutionary trajectories 
of HR since it directly determines the time a resistant population is established 
(Jasieniuk et al. 1996).  However, it is hard to determine initial frequencies of HR in the 
field, which therefore are usually estimated theoretically using population genetic 
equations (Jasieniuk et al. 1996). A few studies have successfully estimated the initial 
frequency of ALS inhibitor resistance. In L. rigidum populations that were never 
previously exposed to any ALS-inhibiting herbicides, a high initial frequency of 
individuals resistant to ALS inhibitors was reported (2.2 × 10−5 to 1.2 × 10−4) (Preston 
and Powles 2002). This high initial frequency of the resistant alleles set the population 
at a “ready to go” mode, which can evolve resistance once ALS-inhibiting herbicides 
were used. The initial resistance frequency in a field can be increased through gene 
flow from neighboring fields: a rigid ryegrass population from organic fields without 
herbicide use was found to have the identical HR mutant as was present in neighboring 
conventional fields with persistent herbicide use (Busi et al. 2011). 
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1.3.3.2 Dominance of the resistant alleles  
The dominance status of resistance alleles largely determines the spread and 
establishment of the resistant alleles, and thus is a critical aspect in predicting the 
evolution trajectory of HR (Mithila and Godar 2013). Resistance may be expressed in 
three fashions: dominant, semidominant and recessive (Christoffers 1999). Take 
resistance that is controlled by a single gene as an example: if the resistance is 
dominant, the selection is always in action regardless of homozygosity or heterozygosity 
(RR = RS > SS). In contrast, in the case of semidominant (RR > RS > SS) or recessive 
resistance (RR > RS = SS), potential selection can be partially or completely negated. 
The level of dominance significantly influences the response of a weed population to the 
selection, especially for populations of high heterozygosity (e.g. outcrossing species 
such as waterhemp).  
1.3.3.3 Genetic nature of HR 
There are mainly two categories of HR inheritance pattern: a) monogenic target 
site resistance (TSR), and b) polygenic non-target-site resistance (NTSR). TSR is 
induced by an alteration in a single gene (e.g. mutation, deletion, amplification), which 
results in insensitive or impaired herbicide targets (Powles and Yu 2010). In contrast, 
though there are exceptions, NTSR is usually governed additively by many genes 
(polygenic), each contributing minor individual effects. NTSR usually is involved in 
reduced herbicide uptake/translocation/activation, and increased herbicide detoxification 
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or sequestration (Devine and Eberlein 1997). Monogenic TSR can spread much faster 
within a population than polygenic resistance (Neve and Powles 2005). 
1.3.3.4 Fitness cost of HR 
Fitness is a measure of the reproductive success of an organism, which 
determines the corresponding genotypic frequency in the population as well as the 
evolutionary success of organisms under natural selection (De Visser and Krug 2014; 
Orr 1998). Fitness could differ among the herbicide-resistant and susceptible weeds 
within the same population due to the pleiotropic effects of the HR genes. Pleiotropy is 
used to describe the phenomenon that newly evolved mutations affect more than one 
phenotypic characteristic (Wagner and Zhang 2011). In other words, a HR gene that 
enables the weeds to survive herbicide application meanwhile can cause the plants to 
grow slowly and produce fewer seeds in the absence of herbicide selection pressure.  
Reduced fitness in the absence of selection pressure limits the transmission of 
drug resistance mutations (DRM) by reverting the population to wild-type (WT), resulting 
in WT strains outcompeting the resistant strains (Wagner et al. 2012). The higher the 
fitness cost of the DRM, the faster it is out-competed by the WT strains. Similarly, the 
lower fitness associating with HR in the absence of selection will cause HR weeds to 
degenerate or disappear (Meagher et al. 2003). Therefore, fitness costs of HR are 
important information to be incorporated into HR evolution prediction models. The HR 
evolution models are useful for developing better weed management programs that 
could potentially reverse HR (Neve et al. 2003; Andersson and Hughes 2010).  
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1.4 Methodology for fitness study 
There are mainly two approaches that are typically used to estimate the fitness 
cost associated with HR. The first one, used in most studies, is to compare directly 
different life history traits between resistant and susceptible weed populations. 
However, results from this method can be misleading if the design of the study does not 
meet all the following three requirements: 1) control of the genetic background, 2) 
measure fitness throughout the entire life cycle and 3) compare the plants under 
competition conditions (Vila-Aiub et al. 2009a). The second approach, which determines 
fitness through resistance allele frequencies changes over multiple generations, and 
integrates all the components of fitness across all life stages, thus is considered to be 
more robust (Vila-Aiub et al. 2009a). A variance of the second approach is to track the 
changes of allele frequency along the geographic gradients (‘‘clines’’) in natural 
populations using migration-selection models (Lenormand et al. 1999; Lenormand and 
Raymond 2000). 
1.4.1 Measure fitness under similar genetic background 
Control of genetic background is necessary to attribute the differences in the 
performance of resistant and susceptible population to the resistance trait itself. 
Unfortunately, according to Vila-Aiub et al. (2009a), only 25% of studies assessing 
fitness costs explicitly control the genetic background. Previous researchers 
summarized three ways to control genetic background: 1) randomization (use of 
segregating populations or segregating crosses); 2) recurrent selection; and 3) the 
creation of near-isogenic lines (Bergelson and Purrington1996). According to this 
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standard, studies that involved mutagenesis and genetic engineering without 
backcrossing to remove other mutations that are induced during the procedures were 
not considered as an acceptable approach to control genetic background. Also not 
acceptable are studies comparing resistant and susceptible genotypes that co-occurred 
in wild populations without evidence of random mating (Parker 1985; Bergelson and 
Purrington1996). 
1.4.2 Measure fitness throughout the life cycle 
Since there could be interactions and trade-offs between different life history 
stages as well as between the various components of plant fitness, monitoring plant 
fitness throughout the whole plant life cycle is necessary. Life long fitness traits help to 
successfully capture the difference in fitness between R and S genotypes (Harper 1977; 
Vila-Aiub et al. 2009a). For example, seed production has been used in most of the 
fitness studies as a crucial indicator of fitness. However, seed production only indicates 
female reproductive fitness. Differences in male reproductive fitness, such as 
production, viability, growth and competition between R and S pollen (Delph et al. 1998; 
Song et al. 2002), can also contribute to final seed production (Vila-Aiub et al 2009a). 
Also, the majority of fitness studies make their conclusion on fitness costs based on 
differences in phenological, morphological, physiological and growth traits at the 
vegetative and/or reproductive stages. However, fitness cost might manifest in none of 
the above-mentioned stages such as in the case of ALS inhibitor resistance (Dyer et al. 
1993), in which R and S seeds differ in their dormancy levels. Seed dormancy is not 
typically explored as a fitness component. However, it can be an adaptive trait that 
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weeds developed after decades of intense agriculture practice. The weeds that are 
most likely to reproduce successfully are those that exhibit delayed germination. Weeds 
with highly dormant seeds help them avoid pre-seeding weed control strategies and 
survive subsequent in-crop herbicide application (Owen et al. 2011). 
1.4.3 Measure fitness under competitive conditions 
One of the most popular ecological theories that support the fitness cost of 
resistant alleles is energy drain. Fitness cost arises when plants need to distribute 
resources to defense mechanism other than regular plant growth. In this case, fitness 
cost is more than likely to manifest under stress conditions such as predation, disease 
and ⁄ or competition (Gassmann 2005; Brown 2003; Van Dam and Baldwin 2001). The 
competitive conditions help fitness cost to manifest, especially when herbicide-resistant 
alleles result in inefficiency of plants in capturing energy. Therefore, it is hypothesized 
that the cost of resistance increases as the competition levels increase and thus is 
easiest to observe when high levels of constraints are used (Reboud and Till-Bottraud 
1991). The competition conditions are usually achieved by a replacement series study. 
In replacement series study, the R and S plants are mixed in different proportions to 
generate a range of densities of either genotype (Tardiff et al. 2006; Pedersen et al. 
2007). 
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 1.5 Justification and current understanding of fitness cost for the five HR traits in 
the study 
Vila-Aiub et al. (2009a) summarized the occurrence of fitness cost into three 
theories: (1) affected plant functions/metabolism: mutations endowing HR may reduce 
enzyme efficiency or lead to production of toxic intermediates that would impair normal 
plant physiological pathways; (2) energetic drain: the introduction of defense function 
might require more energy be captured by plants; (3) ecological interactions: a newly 
introduced resistance gene might have some negative ecological interactions (e.g. 
plants being less attractive to pollinators).  Following are the genetic, physiology and 
biochemical basis for potential fitness costs in the five HR traits in waterhemp. 
1.5.1 PPO inhibitor resistance 
In humans, defects of the PPO gene cause a disease named variegated 
porphyria (VP), and patients with VP are reported to have 50% lower PPO activity 
(reviewed by Maneli et al. 2003). Previous research showed that the key physiological 
factor responsible for the resistance to diphenyl ether herbicides (PPO inhibitors) is the 
reduced levels of Proto accumulation in treated leaves in resistant biotypes. The 
reduced cellular Proto levels could be achieved by rapidly degrading any accumulation 
of Proto (or its reduced precursor, Protogen) occurring in response to Protox inhibition 
(Li et al. 2004; Dayan et al. 1999; Jacobs et al. 1996). The metabolic load for degrading 
those accumulated protox could result in a significant fitness cost. Besides, since PPO 
inhibitors are associated with photosynthesis, it is possible that PPO inhibitor resistance 
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genes might result in lower photosynthesis rate in resistant plants, causing lower 
biomass accumulation and reproductive output. Furthermore, since photorespiration 
plays a beneficial role in stress protection, the vulnerability to the environments might 
differ between R and S plants (Wingler et al. 2000). It was found that transgenic rice 
that overexpresses PPO had better drought tolerance than its non-transgenic 
counterparts (Yun et al. 2013). Unfortunately, very few studies have been conducted to 
determine the fitness cost of PPO inhibitor resistance. The only one fitness study 
reported for PPO inhibitor resistant waterhemp detected no fitness cost (Table 1. 2), 
however, that study also suffers from the previously mentioned design problems and 
thus could not exclude other factors that might confound the results.   
1.5.2 ALS inhibitor resistance 
It is commonly believed that ALS inhibitor resistance overall has little fitness 
penalties since it is so quickly evolved and is frequently found in so many weed species. 
Different endeavors have been made to decipher the fitness of ALS inhibitor resistance 
through enzyme kinetics and weed biology studies. However, ALS inhibitor resistance 
can be endowed by different mutations/amino acid substitutions, which need to be 
evaluated on a case-by-case basis (Vila-Aiub et al. 2009a). Some mutations have no 
major effects on enzyme functionality (Yu et al. 2010), but some other mutations might 
have strong pleiotropic effects on plant morphology and anatomy (Tardif et al. 2006). 
What is more, having the correct plant growth stages is critical to successfully detect the 
fitness cost. For example, instead of leading to distinct vegetative or reproductive 
growth, Pro197His and Ala205Val substitutions influence seed characteristics, causing 
	 22	
elevated levels of branched-chain amino acids and faster seed germination (Dyer et al. 
1993; Eberlein et al. 1999; Ashigh and Tardif 2007, 2011). The current knowledge on 
the fitness of ALS inhibitor resistance has been summarized in Table 1. 4. 
1.5.3 Atrazine resistance 
Atrazine resistance is usually due to decreased herbicide binding brought by the 
D1 protein mutation (Hirschberg and McIntosh1983). It has been confirmed in numerous 
studies that the D1 protein alteration also significantly impairs plant photosynthesis 
efficiency and lowers fitness in several plants including Amaranthus species (Holt and 
Thill 1994; Arntz et al. 1998, 2000a, 2000b). Additionally, the mutation that endows 
atrazine resistance not only changes plant photosynthetic properties, but also leads to a 
higher photosensitivity in the resistant plants, resulting in a decreased tolerance to high 
temperature and a greater susceptibility to photoinhibition (Szigeti and Lehoczki 2003). 
Although there is extensive research concerning the fitness of TR to atrazine, there is 
almost no information available for non-target site based atrazine resistance. 
1.5.4 Glyphosate resistance 
EPSPS amplification is a prominent GR mechanism and has been used in 
previous attempts to generate glyphosate-resistant crops in cell culture selection. It was 
found that duplicated EPSPS copies were not maintained or inherited when the 
selection pressure was removed, indicating that duplicated EPSPS genes were 
unstable or bear a fitness cost in the absence of glyphosate selection pressure 
(Cresswell et al. 1988; Murata et al. 1998). The fitness cost of EPSPS amplification is 
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well supported theoretically. First, overproduction of the EPSPS gene copies is 
metabolically costly. Second, since transposable elements might be involved during the 
amplification (Gaines et al. 2013), insertion of the EPSPS gene is likely to disrupt other 
genes that influence other pleiotropic traits. However, two previous studies both 
concluded that EPSPS amplification does not bear a fitness cost (Giacomini et al. 2014; 
Vila-Aiub et al. 2014). Little is known about the fitness costs of other GR mechanisms.  
1.5.5 HPPD inhibitor resistance 
Resistance to HPPD inhibitors has been documented to be enhanced herbicide 
metabolism through P450 enzyme activities. Previous studies have shown that 
enhanced herbicide metabolism is metabolically costly for ACCase inhibitor resistance 
in Lolium rigidum (Vila-Aiub et al. 2005, 2009b). However, being among the most 
recently evolved HR traits, no fitness information for HPPD inhibitor resistance is 
available. 
1.6 Objectives of the research 
Due to the unprecedented pressure on weed management brought by the rapid 
evolution of HR and no new herbicide MOAs in place in the near future (Duke 2012), 
better understanding of HR evolution is highly needed to develop HR mitigation 
strategies. Given the importance of fitness costs to HR evolution, our knowledge about 
the fitness cost of HR is surprisingly little. Our lack of understanding of fitness costs is 
largely due to the fact that many previous fitness studies were inappropriately designed. 
As summarized in Table 1.4 to 1.6, the majority of the fitness studies have adopted the 
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single generation (SG) approach, which directly compares the fitness traits of R and S 
genotypes. Unfortunately very few of them met all three criteria of a robust fitness study 
as described in Section 1.4. As a consequence, many SG fitness studies may have 
failed to detect a fitness cost due to the lower sensitivity of the study system. The 
challenges associated with conducting a proper fitness study leave great knowledge 
gaps on the fitness information of HR traits.  
Extensive research has been conducted concerning the fitness of TR based 
atrazine resistance. However, few studies have been carried out in other herbicide 
groups and almost no fitness information is available for HPPD inhibitor resistance. 
Previous studies (Table 1.4) indicated that resistance to ALS-inhibiting herbicides have 
limited fitness costs, which is in agreement with the fact that ALS inhibitor resistance 
occurs so frequently. Resistance to glyphosate that is conferred by EPSPS amplification 
does not seem to bear a fitness cost while no fitness information is available for other 
resistance mechanisms (Table 1. 5). TR atrazine resistance is associated with a fitness 
cost in Amaranthus species as well as many other plant species. No reliable fitness 
data are available for NT atrazine resistance or for PPO and HPPD inhibitor resistance 
(Table 1. 6). 
The multi-generational (MG) approach, which estimates the fitness cost by 
monitoring the resistance frequency change of a segregating population over time, is 
considered a better approach (Vila-Aiub et al. 2009a). Unfortunately, this approach has 
rarely been used. Therefore, the objective of the current study is to determine the 
fitness costs of five HR traits in waterhemp by using the more robust MG approach. We 
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overcome the time-consuming nature of the MG approach by generating a synthetic 
waterhemp population that is segregating for five resistance traits, which we can study 
simultaneously. We hypothesize that if a HR trait is associated with a fitness cost, the 
frequency of plants with that resistance trait will decrease in the population over time. 
By evaluating the magnitude of the decrease, we will be able to quantify the fitness cost. 
The results from this novel fitness study will be a significant contribution to our current 
knowledge on HR evolution. 
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1.8 Tables and figures 
Table 1.1 Total herbicide (1000 lbs) applied to total corn planted acres in major states and regions of the United States1.  


















2,4-D 1942 2800 3770 2359 2148 1957 Wild Carrot & Spreading Dayflower 2009 32
Triazine 1952 52060 45735 53954 57390 1970 Common Groundsel 1994 73
PPO inhibitor 1960 -- -- 54 5 2001 Tall Waterhemp 2006 7
Glyphosate 1971 1156 2358 4438 23926 1996 Rigid Ryegrass 2001 32
ALS inhibitor 1982 105 318 492 417 1982 Rigid Ryegrass 1993 154




debut time 1991 1995 2000 2005
Usage over the last 20 years                       
(1000 lbs to all corn-planted areas in US)Herbicide 
group
First report of 
Resistance 1st Resistant Weed




Table 1.2 Summary of the “ideal” weed characters (Baker 1965, 1974) and compared with waterhemp. 
 
 
Life  Stage Characters of Ideal Weeds Waterhemp
Wide span of germination environments ✔
Seeds Great seed longevity ✔
Vegetative growth Rapid transition from vegetative into reproductive phase ✔
Reproductive growth Long lasting seed production periods ✔
High seed production ✔
Ability for Vegatative reproduction or rapid propagation through fragments ✔
Breeding system Self-compatible 
Out- crosser: unspecialized pollinator/wind pollinated for ✔
Diespersal mechanism Adaptations for short and long-distance dispersal
Competition Plasticity and stress tolerance ✔
Have strong root system and not easily drawn from soil ✔
Interspecific competition through rosette, allelochemicals etc. ✔
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Table 1.3 Summary of herbicide resistance types in common waterhemp (Amaranthus 
tuberculatus). 
 aOnly the mechanism present in the proposed waterhemp experimental population is listed.	
Herbicide 
group Example herbicides Site of action
Mechanism of 
resistancea Inheritance
Triazines Atrazine, simazine D1 protein Metabolism Nuclear, partially 
dominant




Altered target site Nuclear, dominant
PPO inhibitors Acifluorfen, lactofen Protoporphyrinogen 
oxidase (PPO)
Altered target site Nuclear, partially 
dominant
Translocation Nuclear, dominant
Target site gene mutation Nuclear, partially 
dominant 
Target site gene 
amplification
Nuclear, additive 













Table 1.4 Pleiotropic effects associated with resistance to ALS-inhibiting herbicides. 
 
1 GB=Control of genetic background; L=Life long fitness traits; C=Competitive conditions. G/F/(G+F)=greenhouse or field study or both. " >, +, <" indicate the 
relationship  between R (resistant biotypes) and S (susceptible biotypes) concerning fitness; 2 Multi–generational indicates study monitoring resistant allele 
frequency changes over multiple generations ; 3 GB? indicates situations in which the authors partially controlled the genetic background (e.g, lines were 
homozygous for the mutation and came from the same location but random mating not demonstrated.	
ALS L+C+G Trp574Leu Amaranthus powellii N/A
Biomass and Leaves 
morphology  R<S N/A R<S Tardif et al. 2006 
ALS GB? + G Pro197Arg, Ser;            Trp574Leu Lolium rigidum N/A
Relative growth rates                               
R < S (subtle effect, P197A),                          
R=S (P197A and T574L) 







raphanistrum N/A Relative growth rates    R = S                 N/A R = S Li et al. 2013
ALS C+G Pro197His Lactuca serriola N/A Relative growth rates  R < S                 N/A R = S Alcocer-Ruthling et al. 1992
ALS L+C+(G+F) Ala205Val Solanum ptychanthum R = S
Optimal light conditions: 
Biomass R = S                   
Sub-optimal light condition : 
R=S
Optimal light 
conditions: R < S                   
Sub-optimal light 
condition : R=S
R = S Ashigh et al 2009





Oryza sativa R <  S N/A N/A N/A Goular et al 2012
ALS L+C+G Pro197Ser Bromus tectorum At 15 and 20C:        R = S; At 5C: R < S R = S
Seed Production :    
R < S;                 
Seed size: R > S
R = S Park et al. 2004





R=S                                       
Ashigh et al. 2011
ALS GB+L+G Pro197Ser        Arabidopsis thaliana N/A N/A  R < S N/A Roux et al 2004
ALS L+C+G Pro197Ser  Kochia scoparia N/A R = S Seed Production :    R = S    R = S
Thompson et al. 
1994
ALS C+(G+F) N/A Amaranthus hybridus N/A
Early development stage:      
R < S (only cnfirmed in the 
greenhouse)              
N/A R = S Poston et al. 2002
Herbicide group
Experimental design          
Direct: GB+L+C+G/F/(G+F)1         









1 GB=Control of genetic background; L=Life long fitness traits; C=Competitive conditions. G/F/(G+F)=greenhouse or field study or both. " >, +, <" indicate the 
relationship  between R (resistant biotypes) and S (susceptible biotypes) concerning fitness; 2 Multi–generational indicates study monitoring resistant allele 
frequency changes over multiple generations ; 3 GB? indicates situations in which the authors partially controlled the genetic background (e.g, lines were 
homozygous for the mutation and came from the same location but random mating not demonstrated.   
ALS GB?+L+C+G Trp574Leu                     Pro197Gln/Thr Kochia scoparia N/A R = S (For 2 out of 3 lines) Inconclusive
R = S                    
(For 2 out of 3 lines)
 Stevenson et al. 
2013
ALS Multi-generational  Pro197Ser        Arabidopsis thaliana N/A Roux et al 2005






ALS: R=S ALS (Seed Production) : R = S    




Sibony et al 2003
ALS GB+L+G Pro197Ser        Arabidopsis thaliana N/A N/A  R < S N/A Roux et al 2004
ALS L+C+G Pro197Ser  Kochia scoparia N/A R = S Seed Production :    R = S    R = S
Thompson et al. 
1994
ALS C+(G+F) N/A Amaranthus hybridus N/A
Early development stage:      
R < S (only cnfirmed in the 
greenhouse)              
N/A R = S Poston et al. 2002
ALS GB?+L+C+G Trp574Leu                     Pro197Gln/Thr Kochia scoparia N/A R = S (For 2 out of 3 lines) Inconclusive
R = S                    
(For 2 out of 3 lines)
 Stevenson et al. 
2013
ALS Multi-generational  Pro197Ser        Arabidopsis thaliana N/A Roux et al 2005






ALS: R=S ALS (Seed Production) : R = S    




Sibony et al 2003
Refs
No changes in resistance frequency after five generations  R= S
No changes in resistance frequency after five generations  R= S
Herbicide group
Experimental design          
Direct: GB+L+C+G/F/(G+F)1         




Seed dormancy Vegetative growth Reproductive growth Competitive ability
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Table 1.5 Pleiotropic effects associated with resistance to glyphosate 
 
1 GB=Control of genetic background; L=Life long fitness traits; C=Competition conditions. G/F/(G+F)=greenhouse or field study or both. " >, +, <" represent the 
relationship  between R (resistant biotypes) and S (susceptible biotypes) concerning fitness; 2 Multi–generational represents multigenerational study monitoring 
resistant allele frequency changes over multiple generations ; 3 GB? Represents situations that the authors did partially control the genetic background yet no 
crosses/segregation F2 lines were generated. E.g. Lines are homozygous for the mutation; from same location; 
  
Seed 
dormancy Vegetative growth Reproductive growth
Competitive 
ability Refs
glyphosate GB+L+G EPSPS amplification Amaranthus palmeri N/A
vegetative biomass   
R=S
inflorescences weight                               
R=S N/A
Vila-Aiub et al. 
2014
glyphosate Multi-generational Altered translocation Lolium rigidum N/A
Wakelin et al 
2006
glyphosate L+C+G N/A Conyza bonariensis R=S Plant height R=S Seed production R =S     Relative crowding 
coeeficient R=S
Travlos et al. 
2012
glyphosate L+F Rapid necrosis, potentially 
translocation based
Ambrosia trifida N/A R > S in early 
growth
Seed production R ≤ S                      
Flowering Initiation time   R < S
N/A Brabham et al. 
2011
glyphosate GB? (same location) + G ED50 not differ between R 
and S….
Ambrosia trifida R > S N/A N/A N/A Dinelli et al. 2013
glyphosate+ALS L+F ALS: Glu 376 Asp                
glyphosate: unknown
Conyza canadensis N/A R > S in early 
growth
Seed production (NS due to 
variance)                           (G+A)R > 
S > AR > GR
N/A Davis et al. 2009
Resistance frequency decreased after two generations  R< S
Experimental design             
Direct: GB+L+C+G/F/(G+F)1         
Indirect: Multi-generational2 
Herbicide group Resistance mechanism Species
Fitness components
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 Table 1.6 Pleiotropic effects associated with resistance to atrazine, PPO inhibitors and pigment inhibitors. 
 
1 GB=Control of genetic background; L=Life long fitness traits; C=Competition conditions. G/F/(G+F)=greenhouse or field study or both. " >, +, <" represent the 
relationship  between R (resistant biotypes) and S (susceptible biotypes) concerning fitness; 2 Multi–generational represents multigenerational study monitoring 
resistant allele frequency changes over multiple generations ; 3 GB? Represents situations that the authors did partially control the genetic background yet no 
crosses/segregation F2 lines were generated. E.g. Lines are homozygous for the mutation; from same location.
Seed 




psbA mutation             
Ser264Gly
Amaranthus 
hybridus N/A Initial leaf length: R=S R<S at least in the field N/A Jordan, 1996





Size, allocation, and 
architecture: R=S           
Height at reprodcutive 
stage R>S
Reproductive biomass:            
R<S
N/A Arntz et al. 1998
triazine GB+L+C+G




(leaf mass)                       
High light: R>S                   
Low light: R=S
High light+high water: R>S     
High light+low water: R<S     
Low light: R=S
N/A Arntz et al. 2000
triazine Multi-generational
psbA mutation             
Ser228Gly
Amaranthus 
hybridus R=S Arntz et al. 2000a
triazine GB?+C+G N/A                           Amaranthus 
rudis
N/A R<S N/A R<S Anderson et al. 1996
PPO GB?+L+C+G
overexpression of 
PPO Oryza sativa N/A R<S R<S
R<S (at certain 
competition 
levels)
Chun et al. 2013
PPO L+C+G PPX2L deletion Amaranthus 
rudis
N/A RS N/A RS Duff et al. 2009
PPO GB?+L+G overexpression of 
PPO
Oryza sativa N/A RS R<S
Chilling 
tolerance: R=S                
Driought 
tolerance: R>S




crus-galli N/A R=S N/A R=S
Bagavathiannan et al. 
2011




Experimental design          







Figure 1.1 Chronology of resistance and multiple resistances to herbicide or herbicide 






























Fitness costs of herbicide resistance (HR) in the absence of herbicide selection 
play key roles in the evolutionary trajectory of HR and serve as the theoretical basis for 
herbicide rotation, one of the most widely practiced HR mitigation strategies. Despite 
the importance of fitness costs to HR evolution and management, obtaining fitness cost 
information is challenging due to lack of efficient study systems with high sensitivity. 
Therefore, a three-year multigenerational (MG) greenhouse study was conducted to 
determine the fitness costs of five HR traits in a model weed species, common 
waterhemp (Amaranthus tuberculatus). The five HRs used were atrazine, glyphosate, 
and inhibitors of 4-hydroxyphenylpyruvate dioxygenase (HPPD), protoporphyrinogen 
oxidase (PPO) and acetolactate synthase (ALS). In the study, a synthetic waterhemp 
population was created by bulk crossing parental plants that collectively contained the 
five HRs. The resulting progeny, which segregated for the five HR traits, were subjected 
to highly competitive growth conditions in the absence of herbicide selection for six 
generations. The frequencies of the different resistant traits were determined at each 
generation from both whole-plant herbicide treatments (glyphosate, atrazine, HPPD 
inhibitors) and molecular markers analysis (ALS and PPO inhibitors). Our results 
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indicated that all five HR traits had little or no fitness cost. The relative fitness levels 
based on the overall resistance frequency changes over six generations were 0.92, 
1.02, 1.09, 0.97, and 1.07 for ALS and PPO inhibitors, atrazine, HPPD inhibitors, and 
glyphosate resistance, respectively. The results from this novel fitness study indicate 
that herbicide rotation will not be a particularly effective resistance mitigation strategy for 
common waterhemp. 
Key words: fitness cost, herbicide resistance, herbicide rotation	
2.2 Introduction 
The rapid evolution of herbicide resistance (HR) has been a growing threat to 
global food production, due to a confluence of factors, including reduced farming system 
diversity, the widespread adoption of herbicide-resistant crops grown in monoculture, 
and, most importantly, lack of diversity in management tactics. Since the first case of 
HR, 2,4-D resistant wild carrot reported in 1957 (Switzer 1957), 246 weed species have 
evolved resistance to at least one herbicide family globally, more than half of which 
were reported in the United States (Heap 2015). A near cessation in new herbicide 
commercialization by industry fueled the fragility of the situation (Duke 2011) and has 
brought unprecedented pressure on conceiving effective HR management and 
mitigation strategies through better understanding of HR evolution.  
Fitness costs of HR influence the evolutionary trajectory of HR and have great 
potential in identifying HR mitigation strategies (Beckie and Reboud 2009). 
Unfortunately, empirical evidence for it is scarce and inconclusive, largely due to the 
methodology challenges associating with detecting the fitness cost and because many 
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of the previous studies were not properly designed. Many of them directly compared 
fitness traits between resistant (R) and susceptible (S) weed populations within a single 
generation (SG), but failed to 1) control the genetic background, 2) measure lifetime 
fitness, and/or 3) include a competitive environment (Vila-Aiub et al. 2009). Monitoring 
resistance frequency changes over multiple generations (MG) of competitive growth is 
thus considered to be a more robust approach (Roux et al. 2005; Vila-Aiub et al. 
2015a). The MG approach hypothesizes that HR traits with fitness costs are less likely 
to be passed on to later generations and therefore will decrease in frequency. However, 
the MG approach is time consuming and thus has not been as widely used as the SG 
approach. Due to the lack of robust short-term study systems, our understanding of 
fitness cost is rather limited. Results from the previous fitness studies varied among the 
species used, the fitness traits measured and the experimental designs adopted 
(reviewed by Vila-Aiub et al. 2009). What is more, we have little information for non-
target-site resistance (NTR) (e.g. atrazine) as well as newly evolved HR traits (e.g. 
HPPD inhibitor resistance), which are drawing increasing attention (Gronwald et al. 
1991; Ma et al. 2013; Preston 2004).  
Therefore, the objective of this study was to use the more robust MG approach to 
determine the fitness costs of five HR traits (ALS, PPO and HPPD inhibitors, atrazine, 
and glyphosate) in common waterhemp. This species ranks as the most problematic 
broadleaf weed species by Heap (2015) due to its high propensity to develop HR. Since 
1990, waterhemp has evolved resistances to herbicides from six site-of-action (SOA) 
families (Heap 2015): ALS inhibitors (1993), photosystem II (PSII) inhibitors (1994), 
PPO inhibitors (2001), EPSPS inhibitors (2006), HPPD inhibitors and a plant growth 
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regulator herbicide 2,4-D (2009).  A synthetic waterhemp population segregating for five 
different HRs was created to enable the fitness quantification of all five within the same 
genetic background. By subjecting the synthetic population to multiple generations of 
competitive growth conditions in the absence of herbicide selection pressure, the fitness 
costs can be determined by monitoring changes in resistance frequencies over time.  
2.3 Material and Methods 
2.3.1 Creating the starting population 
A synthetic waterhemp population was created by bulk crossing five female 
plants from a population (WCS) susceptible to all herbicides (Patzoldt et al. 2005) with 
two male plants from each of three previously characterized Illinois waterhemp 
populations: ACR, resistant to atrazine and ALS and PPO inhibitors; MCR, resistant to 
atrazine and ALS and HPPD inhibitors; and MO-1, resistant to glyphosate and ALS 
inhibitors (Hausman et al. 2011; Patzoldt et al. 2005; Legleiter and Bradley 2008). 
Aliquots of resulting F1 progenies were separately screened at minimum discriminating 
rates for resistance to three of the five herbicides (glyphosate, PPO and HPPD 
inhibitors). Since resistances to atrazine and ALS inhibitors were present in more than 
one of the male populations, it was assumed they would be present among the F1s if 
the other three resistances were present. The specific herbicides and the rates used 
were as follows: mesotrione (Callisto®, Syngenta Crop Protection, Inc., 410 Swing 
Road, Greensboro, NC, 27409) at 0.75x (79 g ai ha-1) with 2.5% (v/v) ammonium sulfate 
(AMS) and 1% (v/v) methylated seed oil (MSO); lactofen (Cobra®, Valent U.S.A. 
Corporation,1600 Riviera Avenue, Suite 200 Walnut Creek, CA, 94596) at 0.75x (165 g 
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ae ha-1) with 1% (v/v) crop oil concentrate (COC); glyphosate (Roundup WeatherMax®, 
Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO, 63167) at 1x (840 g ae ha-
1) with 2.5% (v/v) AMS. Plants were grown as described in Bell et al. (2013). Herbicides 
were applied when the plants were 10 to 12 cm tall using a moving-nozzle cabinet spray 
chamber equipped with a 80015 even flat fan nozzle (TeeJet Technologies, P.O. Box 
7900, Wheaton, IL 60187) calibrated to deliver 187 L ha-1 and held approximately 46 cm 
above the plant meristem. Sixteen surviving plants from each of the three herbicide 
treatments were inter-mated, resulting in an F2 population (designated as generation 0, 
G0) segregating for all five resistances in a homogenized genetic background. 
2.3.2 Establishment and maintenance of the multi-generational study 
Planting: The three-year multi-generational study was conducted in three 
greenhouse rooms with soil floors at the Plant Care Facility (PSL) of University of Illinois 
at Champaign-Urbana. The plot size in each room was 3.3 x 3.3 m. The soil mixes of 
the soil beds were composed of a 10:3 blend of washed and dried silica sand (#620, 
Best Sand Corporation, Chardon, OH, 44024) mixed with high organic topsoil. Each plot 
was covered with a thin layer (approximately 2 cm) of LC1 commercial soil mix (Sun 
Gro Horticulture, 770 Silver Street, Agawam, MA, 01001) as a germination medium.  
To generate G1 seeds, three subsamples each of 45,000 stratified G0 seeds 
mixed with 20 L of medium vermiculite (to aid in seed distribution; Sun Gro Horticulture, 
770 Silver Street, Agawam, MA, 01001) were broadcast by hand in each of the three 
plots. The plots were hand watered twice a day until seedling establishment. After 
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seedling establishment (approximately 40 days after planting), water was automatically 
applied 90 minutes per day through drip irrigation, and included liquid fertilizer (Peters 
Professional® 20-20-20 General Purpose, Everris NA Inc. P.O. Box 3310 Dublin, OH 
43016) at a concentration of 500 parts-per-million (ppm) and injector rate of 1:100. The 
fertilizer and water supplies were reduced to a concentration of 25 ppm and 45 min per 
day (equivalent to about 12 mm rain per day) after 6 weeks. Solar radiation was 
supplemented with mercury halide and sodium vapor lamps to maintain a minimum of 
800 mol m-2 sec-1, over a 16-h photoperiod. The temperature was maintained at 
28/22 °C day/night. A 30-cm diameter oscillating pedestal fan provided wind during the 
seedling stage to promote plants with stronger stems. Population densities were 
monitored weekly from the second to sixth week after planting by counting all the plants 
within four, 30-cm diameter rings placed near the corners of the plots.  
Insect predation of seeds/seedlings occurred after planting the G0 generation. 
Therefore, prior to planting the G1 and all subsequent generations, insect predation was 
mitigated as follows: four 10 cm (diameter) x 3.3 m (length) schedule 40 polyvinyl 
chloride (PVC) pipes were connected by PVC elbows to form a square design 
delineating each plot; and the square frame was partially buried with the upper surface 
coated with Tangle-Trap® sticky coating (The Tanglefoot Company, Grand Rapids, MI, 
49504). Additionally, insecticide (7.5 to 30 L of diluted Talstar® GH (7.8ml/L) and 
DuraGuard® ME (3.9ml/L) spray solution, Whitmire Micro-gen Research Laboratories, 
Inc. 3568 Treecourt Ind Blvd, St. Louis, MO, 63122) was applied to the plots after 
planting. 
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Harvest: Plants were harvested about 3 months after planting. The exact harvest 
timing was selected to maximize the number of plants reaching maturity while 
minimizing seed shed from the earliest maturing plants. All the female and male plants 
that contributed to seed production were counted during harvest. Seed heads from all 
the harvested female plants were pooled within each plot and air-dried for a week in the 
same greenhouse room. Seed heads were then threshed by hand, mixed well and sifted 
through Newark standard testing brass sieve No. 40 (opening size 420 µm, Forestry 
Suppliers, Inc. 205 West Rankin Street P.O. Box 8397 Jackson, MS 39284). At least half 
of the well-mixed seeds were further cleaned through an air column seed blower 
(Seedburo Equipment Co. 2293 S. Mt Prospect Road Des Plaines, IL, 60018) to remove 
light and immature seeds and debris. Cleaned seeds were stored at 4°C, and aliquots 
were stratified in 0.1% agarose solution at 4°C for at least six weeks prior to planting to 
produce the next generation or for resistance frequency determination. 	
2.3.3 Seedbed preparation and repeating the cycles 
After each harvest, the plot surface was thoroughly vacuumed to remove seeds. 
To further reduce contamination from prior generations, plots were subjected to at least 
three wet/dry cycles (alternately watering and drying the plots for a week) to stimulate 
non-dormant seeds to germinate. Plots were then tilled and watered thoroughly.  A 
subsample of 45,000 seeds of the previous generation was planted to generate the 
following generation. A total of six generations were grown over three years with two 
generations grown per year. Generations were timed (March to May and September to 
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November) to avoid transfer of resistance traits (via pollen) to natural waterhemp 
populations.  
2.3.4 Determination of resistance frequency changes over time 
Herbicide-resistance frequencies were compared among all seven generations 
(G0-G6). For atrazine, glyphosate and HPPD inhibitor resistances, the resistance 
frequency changes were determined through whole plant herbicide screening in the 
greenhouse. Waterhemp plants for herbicide screening were grown in cone-tainers 
using the procedure described in Chatham et al. (2015a). Uniform size (4 to 5 cm tall) 
waterhemp seedlings from G0 (84 seedlings) and from each subsequent generation 
obtained in each replicated growth room (28 seedlings per replicated room per 
generation) were treated with either atrazine (0.5x = 550 g ai ha-1 plus 1% (v/v) COC), 
mesotrione (0.1x = 10.5 g ai ha-1 plus 2.5% (v/v) AMS and 1% (v/v) MSO or glyphosate  
(1.5x=1300 g ai ha-1 plus plus 2.5% (v/v) AMS). These rates were determined from 
previous experiments to distinguish sensitive controls and F1 plants from the resistant 
and susceptible parents of each trait (e.g. F1 plants for atrazine is from the cross 
between ACR and WCS). Five plants from the following populations were placed on 
each rack as controls: ACR, MCR and MO-1 plants were used as resistant controls for 
atrazine, mesotrione and glyphosate screening respectively; plants from a waterhemp 
population (designated WUS) originally collected in Brown County, Ohio were used as 
sensitive controls for atrazine and mesotrione spraying, and WT (an assortment of wild 
type seeds from populations collected throughout Illinois in 2003) plants were used as 
sensitive controls for glyphosate spraying. Herbicides were applied using the same 
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equipment and procedures described above. The number of survivors was determined 
for each replicate of each generation and resistance frequencies were calculated. 
Molecular marker analyses were conducted to determine the resistance allele 
frequency changes for ALS, and PPO inhibitor resistance, which are target-site based. 
Two cotyledons were collected from plants that were sprayed with atrazine 24 h before 
herbicide treatment. DNA was extracted using the hexadecyltrimethyl-ammonium 
bromide (CTAB) method modified from Doyle and Doyle (1990). DNA quality and 
quantity was examined using a spectrophotomer (NanoDrop 1000 Spectrophotometer, 
Thermo Fisher Scientific, 81 Wyman St., Waltham, MA 02451). 
ALS inhibitor resistance was conferred by a Trp574Leu codon substitution in the 
ALS gene; this mutation was identified by polymerase chain reaction (PCR) followed by 
digestion of the PCR products with MfeI restriction endonuclease, as previously 
described in Patzoldt and Tranel (2007). PPO inhibitor resistance is due to a codon 
deletion corresponding to Gly210 in the PPX2 gene and was determined by allele-
specific, TaqMan® technique utilizing the fluorescent probes designed by Wuerffel et al. 
(2015). The TaqMan assay was conducted using the allelic discrimination program with 
the Applied Biosystems 7900HT fast real time PCR system (850 Lincoln Centre Drive, 
Foster City, CA. USA. 94404). Both the ALS and PPO PCR markers are codominant, 
allowing for determination of whether the resistance alleles were present in 
homozygous or heterozygous states.  
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2.3.5 Statistical analysis and fitness calculation 
The mutil-generational study with frequency changes of five HR traits over six 
generations was a simple factorial design with three replications. Proportion data were 
arcsine transformed to meet the assumption of normality. Two runs (84 plants per 
generation in each run) of genotyping and phenotyping were pooled. Pooled data were 
analyzed using the linear mixed-effects model fit by maximum likelihood in R (Version 
3.0.2, 2013). Fitness also was quantified using the formula: 
! = !!!!!  
where R6 and R0 are the resistance frequency of G6 and G0 respectively; f is the relative 
fitness of the resistance biotypes relative to its susceptible counterparts ( f ≥ 1 indicates 
no fitness disadvantage for the HR trait, while f < 1 indicates fitness cost. This formula 
was applied separately to each replicate growth room, and a t-test was used to 
determine if fitness was significantly less than one.   
2.4 Results and Discussion 
Six generations of waterhemp were grown separately in three greenhouse rooms 
in the absence of herbicide selection (Fig 2.2). Plants from each generation were grown 
under substantial interplant competition, with plant densities ranging from 353 to 4094 
plant/m2 at 6 WAP (weeks after planting) (Table 2.1, Fig 2.2). However, the strong 
competition resulted in only a small number (< 10% in most cases) of the plants 
reaching reproductive stage and contributing to the following generation. Since each 
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generation was terminated when plants began shedding seeds, there might have been 
selection for early emergence, fast growth and early flowering. With this in mind, caution 
is needed when interpreting the results and follow up research is needed to investigate 
association of HR traits with these phenotypic characters (e.g. ALS inhibitor resistance 
with reduced seed dormancy, Dyer et al. 1993; Topuz et al. 2015).  
In total, 1176 seedlings from the 6 generations (G1 to G6) and the starting 
generation (G0) were phenotyped or genotyped for each of the five HR traits. The 
changes in resistance frequencies are illustrated in Fig 2.3, a-f. The frequencies of three 
HR traits were determined through whole plant screening (atrazine, HPPD inhibitor and 
glyphosate resistance, Fig 2.3). The frequency of atrazine resistance increased(Fig 2.3, 
patrazine=0.0271). However, the increase in atrazine resistance frequency was observed 
between G0 and G1, after which the frequency remained essentially unchanged. HPPD 
inhibitor and glyphosate resistance frequencies stayed the same over generations, as 
the slope of the fitted linear regression line did not deviate from 0 (Fig 2.3, 
pHPPD=0.0798, pglyphosate=0.3379). For the two HR traits that were determined through 
molecular marker analysis, the frequency of resistance to PPO inhibitors did not change 
(Fig 2.3, pPPO=0.3785) over generations. However, the frequency of ALS inhibitor 
resistance decreased fairly consistently across generations (although it appeared to 
increase slightly from G0 to G1; Fig 2.3).  The overall slope was significantly negative 
(pALS=0.014) indicating a fitness cost of this resistance trait. As an alternative to 
measure the relative fitness (RF) of each HR trait, fitness was quantified based on the 
accumulative fitness effect after the six generations. In this analysis, three of the five 
resistances showed no fitness effects, whereas glyphosate resistance displayed a slight 
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fitness advantage (p=0.013), and resistance to ALS inhibitors displayed a slight fitness 
cost (p=0.03) (Table 2.2). Since glyphosate resistance in our experimental population 
was conferred by different mechanisms, it is discussed in more detail in Chapter 3. 
2.4.1 Fitness costs of non-target site resistance (NTR) to atrazine and HPPD 
inhibitors 
NTR has been an increasing threat to crop production since more weeds are 
found to develop NTR under low herbicide selection pressure brought by low application 
rates, plant stress or environmental factors (Yu et al. 2014a; Yuan et al. 2007; Délye et 
al. 2013). Unfortunately, NTR has been severely under-investigated, likely because it 
can co-occur along with, and thus be easily masked by, TR mutations, which are easily 
identified and usually confer high levels of resistance (Yu et al. 2014a). Therefore, 
fitness cost of NTR has not been widely explored except for a few studies in NTR to 
ACCase inhibitors (Wang et al. 2010; Vila-Aiub et al. 2005, 2009, 2015b). The current 
study is the first report of the fitness costs for NTR to atrazine and HPPD inhibitor and is 
a significant contribution to our current understanding of the evolution of GST and P450 
mediated NTR. Our results indicate no fitness costs for the two NTR traits, which differ 
in their resistance mechanisms as well as inheritance patterns (Ma et al. 2013; Huffman 
et al. 2015). Atrazine resistance was due to enhanced GST conjugation detoxification 
controlled by a single gene, while HPPD inhibitor resistance was due to a unique 
oxidative metabolism through cytochrome P450 monooxygenase (P450) and is likely 
controlled by multiple genes (Anderson and Gronwald 1991; Ma et al. 2013; Patzoldt et 
al. 2003; Huffman et al. 2015). Our results differed from previous studies showing that 
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enhanced-herbicide metabolism through cytochrome-P450 in L. rigidum impairs the 
plants’ ability to compete for resources (Vila-Aiub et al. 2005, 2009). The difference 
between their findings and ours could be due to differences in the species and/or 
resistance genes involved. Nevertheless, the lack of fitness costs for the two NTR traits 
in waterhemp, mediated by GST and P450 genes is discouraging from a resistance 
management perspective. More worrying is that, due to the generalist and polygenic 
nature of genes involved in NTR, they could be simultaneously up-regulated through a 
regulatory cascade, endowing resistance to a wider range of herbicides or even new 
herbicides (Yu et al. 2014a; Neve and Powles 2005; Busi 2012; Yu et al. 2015; Riechers 
et al. 2016). Therefore, the lack of fitness costs for the NTR mediated by GST and P450 
could potentially promote the rapid evolution of NTR to other new herbicides.  
2.4.2 Fitness cost of ALS inhibitor resistance 
ALS inhibitor resistance is the most frequent resistance with 157 documented 
cases world widely (Heap 2015), likely because of its high initial resistant allele 
frequency in nature (Preston and Powles 2002), and lack of major fitness cost (Tranel 
and Wright 2002; Yu et al. 2014b). Several attempts have been made to determine the 
fitness cost of ALS inhibitor resistance yet the results are inconclusive (Bergelson et 
al.1996; Roux et al. 2004, 2005; Tardif et al. 2006; Manabe et al. 2007; Yu et al. 2010). 
Our study agrees with previous enzyme kinetic studies showing that T574L mutation 
has limited fitness cost, yet contradicts with another study showing that it has a strong 
pleiotropic effect on plant morphology and anatomy, which resulted in significant 
reduction in growth and seed production in Amaranthus powellii (Tardif et al. 2006). We 
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believe that both detection methodology and molecular or genetic basis of the 
resistance traits contributed to the confounding of fitness data.  
It is a popular paradigm that re-allocating limited resources to resistance 
machinery from normal plant functions will likely result in an adaptation cost. The fact 
that fitness cost of resistance was only detected in 25-50% of the empirical studies 
(Bergelson and Purrington 1996; Coustau et al. 2000) indicates that detecting fitness 
cost indeed is methodologically challenging. For the two most common approaches to 
study fitness, MG study is the better approach and can detect the fitness effect of 
resistance otherwise masked in a SG studies (Vila-Aiub et al. 2015a). The fact that we 
detected a significant fitness cost of ALS inhibitor resistance confirmed the power and 
sensitivity of the MG approach. Beyond methodology, the molecular and genetic basis 
of resistance also plays critical roles. As has been found in ACCase inhibitor resistant 
Lolium rigidum, different mutations have different pleotropic effect and the mutations 
that bear little fitness cost tend to have higher frequency in nature (Vila-Aiub et al. 
2015b). TR to ALS inhibitors can be endowed by up to 26 amino acid substitutions 
(AASs) located at eight positions of the ALS gene in different weed species (reviewed 
by Yu et al. 2014b), all of which could have different fitness costs.  More robust fitness 
studies need to be conducted on the fitness effects of diverse ALS mutations separately 
or in combination, to give us a better understanding of TR as well as NTR to ALS 
inhibitors.  
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2.4.3 Fitness cost of PPO inhibitor resistance 
In contrast to the large body of confounding information we have for ALS inhibitor 
resistance, our understanding for fitness cost associating with PPO inhibitor resistance 
is more limited. A few attempts have been made to explore the fitness associated with 
modifications of PPO enzyme in genetically modified crops and it was found that 
overexpression of PPO in transgenic rice might result in lower crop performance but 
higher tolerance to adverse environments (Jung et al. 2010; Chun et al. 2013). The only 
fitness study in PPO inhibitor resistant weeds, however, found no fitness cost (Duff et al. 
2009). The lack of fitness cost for PPX2L G210 deletion that confers PPO inhibitor 
resistance was unexpected, since the mutation does change the enzyme structure and 
reduces catalytic efficiency of the enzyme significantly (Patzoldt et al. 2006; Lee et al. 
2008; Dayan et al. 2010). However, the clues from previous studies suggest that 
environment factors are important and thus should be included in future studies for the 
fitness cost to manifest.  
2.4.4 Fitness costs of multiple resistances (MR) 
Because plants sprayed with atrazine were genotyped for resistance to both ALS 
and PPO inhibitors, it was possible to determine multiple resistance states of each 
individual plant. The resistance states of the plants fall into four categories: possessing 
none, one, two, or three of the HR traits. Generally, the proportion of plants in these 
resistance states did not change over time. Plants with three-way resistance and plants 
that are susceptible to all three herbicides were less common than plants with one- or 
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two-way resistance (Fig 2.4). The observed proportions of these multiple resistance 
states were as expected, i.e., they did not deviate from independent assortment of each 
of the three resistance traits (data not shown). Gene stacking is not only common in 
genetically modified (GM) crops with desirable agronomy traits, but also in more and 
more field evolved weed populations (Legleiter and Bradley 2008; Owen et al. 2014; 
Patzoldt et al. 2005; Evans et al. 2015a).   
MR imposes great challenges to effectiveness of weed control irrespective of the 
mode of action applied. The evolution of MR depends both on the cost of individual 
resistance as well the interaction-epistasis between resistances, which can interact with 
each other positively (alleviating) or negatively (increasing) to influence the fitness at the 
functional level (Trindade et al. 2009; Berticat et al. 2008; Angst and Hall 2013; Durão et 
al. 2015). The stable frequency of MR over time that we observed indicates stacking 
multiple HR traits does not seem to render the plants being less competitive than their 
susceptible counterparts. Similar results have been observed in bacteria, which are able 
to evolve multiple resistances to antibiotics without a fitness cost (Durão et al. 2015). 
The offset of fitness costs by the positive epistasis between resistance traits is the 
driving forces of multidrug resistance (Trindade et al. 2009), and can also serve as the 
mechanism in generating “super weeds” of stacked HR traits. As has been reported 
previously, an annual ryegrass population evolved resistance to at least nine herbicide 
groups across five different sites of action after 21 years of field selection with different 
herbicides (Burnet et al. 1994).  
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2.4.5 Insights on HR management  
It has been shown that fitness costs limit the transmission of drug resistance 
mutations (DRM) and reverts the resistance strains to wild-type strains (Wagner et al. 
2012). Similarly, herbicide rotation, which takes advantage of the fitness cost of HR, 
could aid in mitigating HR evolution. Unfortunately, the lack of fitness costs for most HR 
traits as determined by the current study, significantly limiting the effectiveness of 
herbicide rotation as an herbicide mitigation strategy. Others have come to the same 
conclusion that herbicide rotation has a less favorable effect on the evolution of 
resistance than generally assumed (Kollef 2006; Lagator et al. 2013; Evans et al. 2016). 
Therefore, more diverse HR management will be needed. What is more, the finding that 
MR does not have a fitness cost is striking and needs to be considered when 
developing long-term chemical weed management strategies.  
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2.6 Tables and figures 
Table 2.1 Total population sizes within 3.3 m x 3.3 m plots, and population sizes 
contributing to subsequent generations. 
 
G0a 4574 420 11% 485
G0b 4627 425 6% 282
G0c 3843 353 4% 135
G1a 35894 3296 3% 967
G1b 44588 4094 1% 505
G1c 9328 857 4% 376
G2a 20335 1867 8% 1536
G2b 11268 1035 9% 1035
G2c 12926 1187 27% 3465
G3a 33394 3067 4% 1381
G3b 22760 2090 7% 1486
G3c 21268 1953 9% 1997
G4a 34140 3135 2% 520
G4b 23880 2193 3% 601
G4c 15410 1415 7% 1075
G5a 20148 1850 6% 1230
G5b 10634 976 11% 1158











Table 2.2 Quantification of relative fitness of each herbicide resistance trait through a 
multi-generational fitness study in waterhemp using the formula: f= !!!!!  









ALS 0.92 (0.85, 0.98) 0.03
PPO 1.02 (0.87, 1.16) 0.661
Atrazine 1.09 (0.87, 1.31) 0.215
HPPD 0.97 (0.89, 1.05) 0.225
Glyphosate 1.07 (1.04, 1.11) 0.013
Relative Fitness 95% confidence interval
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Figure 2.1 Depiction of the creation of the starting population (G0) and six subsequent 





Biotype  Resistance 
ACR     PPO, ALS, atrazine 
MCR    HPPD, ALS, atrazine 
MO1         Glyphosate, ALS 




































                                                                                           Generation 
Figure 2.3 Resistance frequency changes of the five herbicide resistances over six generations as determined in a multi-
generational greenhouse study without herbicide selection pressure.	












































































































































Figure 2.4 Evolution of multiple resistance to ALS, PPO inhibitors and atrazine from a 
multi-generational fitness study in waterhemp. Resistance status of the plants can be 



























In our previous work, we subjected waterhemp to six generations of competitive 
growth in the greenhouse in the absence of herbicide selection, and found no fitness 
cost associated with the glyphosate resistance (GR) phenotype. However, GR can be 
conferred by different resistance mechanisms. In the waterhemp study population, GR 
is endowed by both the P106S mutation and amplification of the 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene. Therefore, the objective of 
the current study was to further examine GR in waterhemp plants generated from the 
aforementioned fitness study. A phenotype-genotype association analysis was 
conducted to determine if the two GR mechanisms differ in their fitness costs and 
significances in conferring resistance. Our findings showed that phenotypic GR and 
frequency of the plants carrying P106S mutation remained essentially constant across 
generations. In contrast, the frequency of plants with EPSPS amplification significantly 
dropped from 20% to 6.5% and 3% after three and six generations, respectively. The 
quantification of the fitness showed no penalty for the P106S substitution, while EPSPS 
amplification had a significant lower fitness (relative fitness of 1.12 and 0.72, 
respectively). As a result, the major resistance mechanism of our starting generation 
(G0) shifted from EPSPS amplification (accounting for resistance in 48% of spray 
	 88	
survivors in G0) to P106S mutation (accounting for resistance in 65% of spray survivors) 
after six generations. In addition, there likely is another GR mechanism involved in the 
population, indicating that EPSPS amplification and the P106S mutation did not fully 
account for GR in waterhemp. We propose that the evolution of GR likely is a result of 
the interplay of different resistance mechanisms, with the relative fitness of the 
mechanisms—both in the presence and absence of glyphosate—playing roles in 
population and landscape abundance of the traits. The results from this novel study add 
to a growing body of evidence indicating herbicide rotation is not an effective resistance 
management strategy for GR because not all resistance mechanisms have significant 
fitness costs. 
3.2 Introduction 
Commercialized in 1974, glyphosate has since become the most dominant 
herbicide worldwide (Duke and Powles 2008). Glyphosate competitively inhibits 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) (EC 2.5.1.19), the key enzyme of 
the shikimate pathway (Amrhein et al. 1980; Herrmann et al. 1999; Alibhai and Stallings 
2001). Plant death is caused by the depletion of chorismate-derived aromatic amino 
acids (phenylalanine, tyrosine, and tryptophan), resulting in depletion of hormones and 
other critical plant metabolites; as well as the accumulation of shikimate (Steinrucken 
and Amrhein1980; Harring et al.1998). Driven by the unusually extensive use of 
glyphosate, especially after the introduction of transgenic glyphosate-resistant (GR) 
crops, rapid evolution of GR resulted in GR weeds spreading at an alarmingly rapid 
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rate. GR was first reported in an Australia annual ryegrass (Lolium rigidum) population 
in 1996, and since then 32 weed species have evolved resistance to glyphosate, 
including 16 dicots and 16 monocots (Heap 2015). GR common waterhemp 
(Amaranthus tuberculatus) was first reported in 2005 in Missouri and has now been 
documented in 16 states in the United States (Heap 2015).  
Fitness costs of GR are important information for predicting GR evolution and 
developing effective herbicide resistance (HR) mitigation strategies, such as herbicide 
rotation or herbicide mixing (Vila-Aiub et al. 2009). Fitness cost of GR has been studied 
in both single generational (SG) and multigenerational (MG) approaches across many 
different weed species (Pederson et al. 2007; Baucom and Mauricio 2004; Davis et al. 
2009; Travlos et al. 2013; Brabham et al. 2011, Dinelli et al. 2013; Giacomini et al. 
2014; Vila-Aiub et al. 2014; Wakelin and Preston 2006). Unfortunately, all of these 
studies looked at a single major resistance mechanism for the examined population or 
even failed to specify the resistance mechanisms involved. In natural weed populations, 
the presence of two or more distinct GR mechanisms within a weed population is a 
common survival strategy(Dinelli et al. 2006; Yu et al. 2007; Nandula et al. 2013; 
Alarcón-Reverte et al. 2015; Chen et al. 2015). Furthermore, fitness costs of different 
GR mechanisms have seldom been compared within the same genetic background, 
which could potentially bring deeper understanding of the evolutionary roles of each GR 
mechanism. 
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In chapter 2, we subjected a synthetic waterhemp population segregating for five 
herbicide resistance (HR) traits, including glyphosate, to six generations of competitive 
growth in the greenhouse without herbicide selection. We found no fitness cost for 
glyphosate phenotypic resistance based on resistance frequency changes over time. 
However, GR can be conferred by both target-site-resistance (TR) (e.g. gene 
amplification and mutation) and non-target-site resistance (NTR) mechanisms (e.g. 
impaired glyphosate translocation) (Sammons and Gaines 2014), and all of these 
mechanisms have been reported in waterhemp (Nandula et al. 2013; Chatham et al. 
2015a, 2015b). With the synthetic waterhemp population generated from the 
aforementioned fitness study which contained at least two GR mechanisms (EPSPS 
amplification and P106S mutation), we further examined the specific GR mechanisms in 
waterhemp and we aimed to address two questions: 1) Do different GR mechanisms 
have different fitness costs? and 2) Do different GR mechanisms differ in their 
significances in conferring GR? The results from this study will supplement our current 
knowledge of GR and support improvements in GR management. 
3.3 Material and methods 
3.3.1 Plant material 
Seeds that were used in this experiment were from our three-year MG 
greenhouse study to determine the fitness cost of five HR traits including glyphosate 
(Wu et al. 2015). The synthetic waterhemp population, which contains two GR 
mechanisms, has gone through six generations of competitive growth without herbicide 
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selection. The resulting six generations of seeds, together with the starting generation 
G0, were stratified in 0.1% agarose under 4°C for at least six weeks before use. 
3.3.2 Phenotype-genotype correlation analysis 
Seeds (G0, G1 to G6) we genotyped in this study were the same as the ones we 
germinated and sprayed with glyphosate as described in chapter 2. One day before 
spraying, two cotyledons were collected from the twenty-eight seedlings of uniform size 
per generation per replicated room for further genotyping. DNA from each individual 
plant was prepared as described in the previous chapter. DNA was diluted to 10 ng µL-1 
for downstream molecular analysis. In the tested population, EPSPS gene amplification 
and P106S substitution were determined through quantitative real-time polymerase 
chain reaction (qRT-PCR) and a derived cleaved amplified polymorphic sequences 
(dCAPS) assay, respectively, using protocols described in Chatham et al. (2015a). A 
threshold value of two copies was used to determine if the plants had elevated EPSPS 
copies. The average EPSPS copy number of each generation was calculated from all 
the plants with EPSPS amplification. Copy number changes over generations were 
determined by repeating the qPCR on plants with EPSPS amplification (≥ 2 EPSPS 
copies) within the same qPCR plates with the same negative controls to reduce the 
technical variance. The genotype of each individual plant was correlated with its 
phenotypic response to glyphosate application to determine the significance of specific 
resistance mechanisms in conferring resistance.  
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3.3.3 Statistical analysis and fitness calibration 
Data were arcsine transformed to meet the assumption of normality. Two runs of 
genotyping and phenotyping data were pooled and analyzed using the linear mixed-
effects model fit by maximum likelihood in R (Version 3.0.2, 2013). The relative fitness 
was calculated using the formula: 
! = !!!!!  
where R6 and R0 are the resistance frequency of G6 and G0 respectively; and f is the 
relative fitness of the resistance genotype/phenotype relative to its susceptible 
counterpart (f ≥ 1 indicates no decrease in resistance frequency and thus no fitness cost 
for the HR trait, while f < 1 indicates fitness cost of the HR trait. 
3.4 Results and Discussion 
It has long been suspected that GR has a strong fitness cost, since GR evolution 
is slow and was not reported in the first two decades after glyphosate commercialization 
(Preston et al. 2009). Fitness costs of different GR mechanisms have been studied 
separately: while no measurable fitness cost for EPSPS amplification was detected in 
GR Palmer amaranth (Amaranthus palmeri; Giacomini et al. 2014; Vila-Aiub et al. 
2014), non-target site based GR was found to have a significant fitness cost (Wakelin 
and Preston 2006). We are not aware of any fitness studies looking at fitness cost of the 
EPSPS P106S mutation
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mechanisms within the same genetic background. Therefore, as a follow up to our 
previous fitness study showing that phenotypic GR was not associated with a fitness 
cost, we further tested the hypothesis that fitness costs could differ between specific GR 
mechanisms, which could play distinct roles during GR evolution, by genotyping and 
phenotyping seedlings generated from our previous MG fitness study.  
3.4.1 Cost of GR is resistance-mechanism dependent 
Frequency changes of the two EPSPS alterations were monitored over 
generations (Fig 3.1). The frequency of P106S mutation stayed stable among 
generations, as indicated by a flat regression line with low regression coefficient value 
close to 0 (slope=1.81, p=0.0832). In contrast, the frequency of EPSPS amplification 
decreased significantly from 20% to 6.5% and then to 3% after three and six 
generations respectively (slope=-2.71, p<0.001) (Fig 3.1.). Further association between 
genotypic and phenotypic data showed a decoupling of EPSPS amplification from 
P106S mutation and phenotypic resistance (Fig. 3.2). Based on the net frequency 
changes over the six generations, relative fitness of phenotypic GR, the P106S 
mutation, and EPSPS amplification were 1.07, 1.12, and 0.72, respectively (Fig 3. 2). 
Thus, there appeared to be a tradeoff of EPSPS amplification for the P106S mutation, 
resulting in a nearly constant frequency of glyphosate resistance over the generations.  
Variation in fitness cost of different resistance mechanisms have been reported 
for antibiotic resistance many times and in ACCase inhibitor resistance (Beceiro et al. 
2014; Vogwill and MacLean 2015). Our study confirmed that the P106S mutation, 
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although it confers a low level of resistance, has little fitness cost and can be fixed, 
presumably because the mutated enzyme retains adequate catalytic efficiency (Baerson 
et al. 2002; Healy-Fried et al. 2007; Funke et al. 2009; reviewed by Sammons and 
Gaines 2014; Yu et al. 2015). The significant fitness cost we observed for EPSPS 
amplification aligns well with the ecological view that gene amplification is costly (Flagel 
and Wendel 2009; Adler et al. 2014; Kondrashov 2012; Magadum et al. 2013; 
Sandegren and Andersson 2009) and also with early attempts to generate GR crops, 
which indicated that duplicated EPSPS genes were unstable and easily lost in the 
absence of glyphosate selection pressure (Cresswell et al. 1988; Murata et al. 1998). 
However, our results contradict previous studies of GR in Palmer amaranth (Giacomini 
et al. 2014; Vila-Aiub et al. 2014), which might due to differences in both methodology 
and genetic basis. First, the MG approach we used likely has a higher sensitivity than 
the traditional SG approach used in the two Palmer amaranth studies (Roux et al. 2005; 
Vila-Aiub et al. 2009, 2015a; Haider et al. 2007). Second, the EPSPS amplification 
patterns differed between the studied species: tandem repeats at a single locus were 
found in kochia (Kochia scoparia) and waterhemp (Godar 2014; Jugulam et al. 2014; 
Dillon et al. 2015), but random distribution throughout the genome was found in Palmer 
amaranth (Gaines et al. 2010, 2013).  
In contrast to the decrease in the number of plants with amplified EPSPS, the 
average EPSPS copy number (ranging from 3 to 5) among those plants with EPSPS 
amplification remained essentially the same among generations (Fig 3. 3.) (F-statistic = 
5.29, p=0.26). Previous studies in bacteria indicated that amplified genes are 
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intrinsically unstable and can be easily taken over by lower copy number segregants in 
the absence of selection, especially if the amplified state poses a fitness cost (Alder et 
al. 2014). The reason that we did not see a decrease in gene copy number could be 
simply due to that fact that the amplified copy numbers in waterhemp are lower than 
those typically observed in GR Palmer amaranth or in antibiotic resistant bacterium 
(Gaines et al. 2010; Sammons and Gaines 2014; Chatham et al. 2015a, 2015b). This 
result should be elucidated in future research.  
3.4.2 Distinct but concerted roles of EPSPS amplification and P106S mutation in 
conferring GR in waterhemp 
Besides having different fitness costs, we also found that the two GR 
mechanisms differ in their contribution to phenotypic resistance, as indicated by the 
shifting of the primary resistance mechanism from EPSPS amplification in G0 to P106S 
mutation in our last generation (G6) (Fig 3.4). In G0, EPSPS amplification was present in 
48% of the spray survivors, and the two EPSPS alterations themselves or in 
combination accounted for resistance in 84% of the survivors. The proportion of 
resistant plants with EPSPS amplification dropped to 12 % in G3 and only 4% in G6. In 
contrast, the proportion of resistant plants with the P106S mutation increased from 28% 
in G0 to as much as 75% in later generations. Further genotypic and phenotypic 
association analyses of all the tested plants showed different association levels 
between the two EPSPS alterations and phenotypic resistance (Table 3.1.). In G0, the 
majority of plants (93%) with EPSPS amplification (and without the P106S mutation) 
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were resistant. The percentage of plants with EPSPS amplification that were resistant 
decreased fairly consistently across generations, with only 50% of plants with EPSPS 
amplification being resistant in G6. However, the percentage of plants with the P106S 
mutation that were resistant did not change consistently across generations, and ranged 
from 64 to 82%. Surprisingly, there was a portion (11% to 31%) of survivors that had 
neither of the known EPSPS alterations (Fig 3.4), indicating that an unknown non-
target-site resistance (NTR) mechanism is likely involved.  
EPSPS amplification is well documented to positively correlate with the levels of 
GR and thus was suggested as a good proxy to identify glyphosate resistant weeds 
(Gaines et al. 2010, 2011; Salas et al. 2012; Ribeiro et al. 2014; Chatham et al. 2015a, 
2015b). However, contradictory evidence has been accumulating, suggesting that 
EPSPS amplification itself might not be sufficient in conferring resistance, and EPSPS 
may not be the only gene that is amplified (Teaster and Hoagland 2014; Alarcón-
Reverte et al. 2015; Malone et al. 2016; Hart et al. 2016; Jugulam et al. 2016). In 
contrast, EPSPS mutations (including the P106S mutation) are almost always sufficient 
in conferring a low level of resistance (2 to 3 fold), although an exception was observed 
in a polyploid weed under high temperature (Han et al. 2016). The divergence between 
the two resistance mechanisms, as well as the absence of both EPSPS alterations in 
quite a few plants, was unexpected and suggests that our understanding of GR might 
still be incomplete. 
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3.4.3 GR evolution is likely a fitness-driven event composing four distinguishing 
phases 
How and why did weeds evolve two such distinct GR mechanisms (e.g. enzyme 
kinetics, inheritance pattern, fitness cost and significance in conferring resistance; 
Sammons and Gaines. 2014; Chandi et al. 2012; Mohseni-Moghadam et al. 2013; 
Malone et al. 2016)? Unicellular organisms adapt to novel selection conditions through 
three successional steps: regulatory responses, gene duplication and point mutations 
(Andersson and Hughes 2010). Gene amplification is a common mechanism of 
adaptation to stressful and novel environmental conditions (Kondrashov 2012; 
Magadum et al. 2013). However, due to its intrinsic unstable nature, gene amplification 
usually serves as an intermediate response between an initial regulator response and a 
subsequent more stable mutation (Kondrashov 2012; Magadum et al. 2013; Andersson 
and Hughes 2010; Sandegren and Andersson 2009). The evolutionary pattern observed 
for unicellular organisms was also well supported by our MG study in waterhemp. 
EPSPS amplification is selected by glyphosate and contributes to GR, and is 
maintained in the population as long as there is positive selection (Jha et al. 2016). 
However, after glyphosate selection is removed, EPSPS amplification decreases in 
frequency (because of its fitness cost), and is decoupled from other factors that 
contribute to GR. In contrast, the P106S mutation, though low in initial frequency, was 
consistently selected for (because of lack of fitness cost), increased in frequency and 
moved toward fixation in the population. After that, genetic diversity (e.g. EPSPS 
amplification, double mutations, duplication of the double mutated gene, and/or 
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combination of different resistance mechanisms) were able to act in concert to achieve 
higher fitness both in the presence and absence of glyphosate selection pressure 
(Kahrizi et al. 2007; Lebrun et al. 2003; Spencer et al. 2000; Dill et al. 2008; Kaundun et 
al. 2011; Paulander et al. 2010; Yu et al. 2015). 
Our findings clearly showed that GR evolution is a dynamic process, which 
includes a series of spatially and temporally distributed selection events. Inspired by the 
results from the current study as well as previous quantitative analysis of fitness costs 
associating with Bacillus thuringiensis (Bt) resistance, (Cao et al. 2014), I here propose 
a hypothetical GR evolution trajectory, which is dictated by the fitness of weeds both in 
the presence (resistance level) and absence (fitness cost) of glyphosate (Fig 3. 5). My 
predicted model aligns well with previous empirical data showing that fitness of 
mutations can be variable (Vila-Aiub et al. 2015b; Yu et al. 2010, 2015) and organisms 
can evolve compensatory mutations or mechanisms to gain higher levels of resistance 
at low or no cost (Melnyk et al. 2015; de Sousa et al. 2015; Angst and Hall 2013). The 
hypothetical GR evolution contains four phases: phase I (likely before GR crops were 
adopted) denotes the physiological adaptations/tolerance that weeds evolve with slowly 
emerging fitness costs (Baucom and Mauricio 2004). Phase II features a linear positive 
relationship between the resistance level and the fitness cost, driven by widespread 
glyphosate selection pressure (Baerson et al. 2002; Lorraine-Colwill et al. 2003; Godar 
et al. 2014; Culpepper et al. 2006; Gains et al. 2010; Shaner et al. 2012; Jugulam et al. 
2014). The overall fitness cost of GR will reach a plateau and the evolution then 
transitions to phase III, during which weeds can accumulate multiple compensatory 
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mutations or combine multiple mechanisms that ameliorate fitness cost of resistance, as 
documented in bacteria (Schulz et al. 2010; de Sousa et al. 2015; Angst and Hall 2013; 
de Carvalho et al. 2012; Nandula et al. 2013; Mao et al. 2016; Yu et al. 2015; Chen et 
al. 2015). Eventually (phase IV), mutations that endow high level of resistance without 
fitness cost will be fixed in the population and a homogeneous resistant population is 
anticipated.  
Since herbicides are still our front-line defense against weeds, sustainable usage 
of herbicides to slow down HR evolution will still rely upon the limited options we have 
before new herbicide modes of actions are in place. Unfortunately, for a complex HR 
trait like glyphosate resistance, one resistance mechanism has a significant fitness cost 
in the absence of herbicide selection while others do not, potentially limiting the 
effectiveness of herbicide rotation as an effective strategy for mitigating HR (Beckie and 
Reboud 2009). Moreover, amelioration of the ‘cost of resistance’ through compensatory 
mutations requires that herbicide resistance mitigation strategies (e.g herbicide rotation) 
be adopted at the very early stage when resistances still bear a fitness cost. In 
conclusion, more diverse weed control methods using completely different strategies 
will be needed and the fitness information can provide insights into developing weed 
control strategies. For example, using multicopy transposons carrying unfitness genes 
has been shown to help control weeds by reducing their competiveness against crops 
(Gressel and Levy 2014). A better understanding of the contribution of fitness costs to 
variation in the tempo and mode of HR evolution will provide a strong scientific basis for 
developing improved long-term weed management approaches.   
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3.6 Tables and figures 
Table 3.1 The percentage of plants within each genotype (EPSPS amplification, P106S 
mutation or both) that were resistant to glyphosate. The sample sizes (n) are indicated 






Amplification (n) Mutation (n) Both (n) 
G0 93.3% (15) 64.3% (14) 100% (2)
G1 83.3% (36) 61.9% (63) 42.9% (7)
G2 70.6% (17) 81.5% (81) 66.7% (3)
G3 71.4% (14) 66.2% (68) 50.0% (4)
G4 65.2% (23) 66.2% (65) 50.0% (6)
G5 56.3% (16) 72.7% (66) 50.0% (2)
G6 50.0% (6) 78.7% (61) 0.0%(1)
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Figure 3.1 The frequency changes of plants with the two glyphosate resistance (GR) 
mechanisms (EPSPS amplification and EPSPS P106S mutation) over generations. The 
data were analyzed by linear regression model fit by maximum likelihood method and 
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Figure 3.2  Genotype-phenotype association analysis through a multi-generational 
greenhouse fitness study in waterhemp. The solid line represents the glyphosate spray 
survivors, the dotted and the dashed lines represent the plants with P106S mutation or 
amplification of the EPSPS gene. The fitness value associated with each trait were 
determined using the formula f= !!!!! . A t-test was conducted to determine if the fitness is 






























Figure 3.3 The average EPSPS copy number determined from plants with EPSPS 
amplification (i.e., averages include only those plants with EPSPS copy >2) among the 
six generations. The sample sizes (n) of each generation are indicated above each bar; 
error bars represent +/-1 standard error. An F-test was conducted to determine if 
































                    
                                
                     
             
             
            
            
            
            
           
            
 
           
 
Figure 3.4 Resistance mechanisms present in glyphosate spray survivors from whole 
plant screening of all the waterhemp generations. The survivors were divided into four 
groups in the pie chart: plants with EPSPS amplification only (solid) or EPSPS mutation 
only (dotted), plants with both (hashed) or neither of the EPSPS alterations (unknown 

































Figure 3.5 Hypothetical prediction of the evolutionary trajectory of glyphosate resistance 
(GR) through fitness both in the presence (x-axis) and in the absence of glyphosate 
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Fitness costs of herbicide resistance (HR) in the absence of herbicide selection 
play key roles in the HR evolutionary trajectory, since it influences the frequency of the 
resistance alleles in the absence of selection. This absence of selection could occur 
prior to the use of the herbicide, or as a result of herbicide rotation. The assumption that 
newly emerged HR alleles with a fitness cost will decrease in frequency upon the 
removal of the selection pressure favoring such resistant alleles (Meagher et al. 2003) 
serves as the theoretical basis for herbicide rotation, one of the most widely practiced 
HR mitigation strategies (Neve et al. 2003; Andersson and Hughes 2010). Despite the 
importance of fitness costs to HR evolution and management, the acquisition of fitness 
cost information is surprisingly challenging and, therefore, conclusive empirical fitness 
data are scarce. Through the adoption of the more robust MG approach with improved 
sensitivity, the current work was able to provide precise estimates of the fitness costs of 
five HR traits in waterhemp, a problematic weed in the midwestern United States. The 
current study has two major contributions to our understanding of herbicide resistance 
evolution. 
 4.1 Lack of fitness costs brings a paradigm shift in our understanding of growth-
defense trade-offs 
In chapter 2, we simply looked at the resistance as integrated traits and 
monitored the resistance frequency changes over time through either whole plant 
screening or molecular marker analysis. We found that most of the HR traits did not 
bear a fitness cost, except that ALS inhibitor resistance endowed by the T574L 
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substitution carries a small fitness cost. Fitness cost of resistance is a well-justified 
ecological concept, supported by the assumption that re–allocating limited resources to 
resistance machinery from other fitness–related traits is costly (Sheldon and Verhulst 
1996; Bergelson and Purrington 1996). Herbicide resistance, either endowed by target-
site mutations or non-target site mechanisms, are intuitively expected to impart a fitness 
cost because they all target important biological functions in plant cells: ALS inhibitors 
and glyphosate inhibit the biosynthesis of branched-chain amino acids (valine, leucine, 
and isoleucine) and aromatic amino acids (phenylalanine, tyrosine, and tryptophan), 
respectively (Durner et al. 1990; Amrhein et al. 1980). PPO inhibitors target the 
biosynthesis of tetrapyrroles, which are critical molecules to many important metabolic 
processes such as electron transfer during respiration, photosynthesis, and enzyme 
catalysis (Layer et al. 2003). Atrazine is a photosystem II (PS II) inhibitor, which impairs 
plant photosynthesis, and HPPD inhibitors disrupt biosynthesis of tocopherols and 
plastoquinone biosynthesis, which are important for plants’ defense and energy capture 
(Pfister and Amtzen 1979; Hess, 2000). Counter-intuitively, we only observed a minor 
fitness cost for the most common type of resistance, to the ALS inhibitors, which was 
the least likely HR trait to be associated with a fitness cost (Tranel and Wright 2002).  
The lack of fitness cost we report in this novel fitness study actually agrees with a 
previous survey across herbicide, fungicide and insecticide resistances, showing that 
fitness cost of resistance was only detected in 25–50% of the studies (Bergelson and 
Purrington 1996). The reason that the cost of resistance often goes undetected is 
complex. The low frequency of fitness costs could be due to but are not limited to the 
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following reasons: methodology insensitivity, the inconstant nature of fitness, and 
compensatory evolution. In the following I discuss the insights from this MG fitness 
study on those confounding factors that contribute to the low frequency of detecting a 
fitness cost. 
4.1.1 Methodology improvement: is there a better way to detect fitness cost? 
Methodology definitely plays a key role in successful capture of a fitness cost, if 
there is one. Vila-Aiub et al. (2009) proposed that the design of studies to estimate and 
interpret fitness costs associated with herbicide resistance needs to incorporate the 
following five experimental factors: control of genetic background, knowledge of the 
biochemical basis of resistance, life history traits, resource competition, and 
environment gradients. Of the two major fitness study approaches, SG studies directly 
compare fitness traits of resistant and susceptible weed populations while the MG study 
approach monitors resistance frequency changes over multiple generations under 
highly competitive environments. Fitness effects of resistance can be easily masked in a 
SG study, but can be captured by a MG study, due to better control of factors that are 
critical for detection of fitness cost (Roux et al. 2004, 2005; Vila-Aiub et al. 2009, 
2015b). The fact that our MG approach was able to detect a minor fitness cost 
associated with ALS inhibitor resistance indicates the power and sensitivity of the MG 
approach. However, the magnitude of the fitness cost will also significantly influence 
how likely we can detect it. Therefore, even with the more accurate MG approach, we 
cannot rule out the possibility that we did not see fitness cost for NTR to atrazine and 
HPPD inhibitors simply because we did not involve enough generations to be able to 
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detect them. In a word, the MG approach is not perfect, and meanwhile the SG 
approach has some advantages (Table 1, summarized from the review by Vila-Aiub et 
al. 2009, 2015b), which means that there could be a better way to conduct the fitness 
studies by combing the strengths from both types of experimental designs. 
Here I propose an “ideal” way to conduct a fitness study, which modified and 
combined the two currently available experimental designs (Fig 4.1). I believe this 
hybrid approach will help improve the efficiency of the current study systems and 
increase the chance for us to detect a fitness cost. There are three components to the 
hybrid approach: 1). Use the segregating Fn generations from the MG study and 
continue with a single generational study to identify the specific fitness traits that 
contribute to the fitness cost; 2). Simulate diverse agroecological conditions 
(competition, resource limitations, predations) in the experimental plots to identify 
environmentally induced fitness costs (Vila–Auib et al. 2015b); 3) Measure the plant 
fitness both on the phenotypic level and on molecular and physiological levels.  
4.1.2 Fitness is an inherently dynamic characteristic with both temporal and 
spatial fluctuations  
Fitness is not constant and can fluctuate in response to physical and biological 
changes in the environments (Mills and Beatty 1979; Orr 2009). In chapter 3 I propose 
changes of fitness during herbicide resistance evolution. The evolution of HR is the 
interplay of relative fitness of resistance both in the presence (resistance level) and 
absence (fitness cost) of herbicides through four phases. As the selection pressure 
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increases, organisms first evolve physiological adaptation at low cost, then transit into a 
period with a positive relationship between the resistance level and the fitness cost of 
the resistance; later on plants can evolve compensatory mutations or mechanisms to 
gain higher level of resistance at lower or no cost. Seeing HR evolution as an ongoing 
process that spreads out geographically, helps explain the varied fitness effect we 
observed in previous studies regardless of methodology differences. Take glyphosate 
resistance as an example, if one fitness study used the plant material from a field that 
has just evolved resistance to glyphosate (Phase II), while another study took plants 
from another field that have been subjected to continual glyphosate application for a 
long time (Phase III), the results will be likely different, yet the difference was not due to 
methodology. Similarly, the fitness of a weed in one part of the field might have different 
fitness from another weed with the same genotype but residing in another part of the 
field.  
4.1.3 Fitness cost of resistance can be compensated 
Second-site mutations that ameliorate fitness cost, increase resistance level, or 
both, are defined as compensatory mutations (Melnyk et al. 2014; Angst and Hall 2013). 
Evolution of compensatory mutations for antibiotic resistance to gain higher level of 
antibiotic resistance at lower or no cost has been observed extensively in bacteria (de 
Sousa et al. 2015; Angst and Hall 2013; Levin et al. 2000; Björkman et al. 2000; 
Björkholm et al. 2001; Gagneux et al. 2006; Comas et al. 2011). Though weed scientists 
seldom bring up the concept of compensatory mutations, weeds can also evolve 
mutations with little impairment to enzyme functionality to gain higher level of resistance 
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(Vila-Aiub et al. 2015a; Yu et al. 2010, 2015; Menchari et al. 2008; Yu et al. 2008). In 
fact, the empirical data for compensatory mutations for herbicide resistance are not 
rare. Six resistance-conferring ALS mutations of different pleiotropic effects on ALS 
functionality and plant growth were identified in a single Lolium rigidum population (Yu 
et al. 2008; Yu et al. 2010). Mutation at P106 of EPSPS only leads to 2 to 3-fold 
glyphosate resistance while G101 or T102 mutants are highly resistant but have a 
significantly decreased enzyme affinity (Baerson et al. 2002; Eschenburg et al. 2002; 
Funke et al. 2009). Recently, it was found that a natural Eleusine indica population 
contains a second mutation besides the commonly seen P106, which brought the 
resistance level from 2 to 3-fold to more than 180-fold (Yu et al. 2015).  
4.2 Evolutionary significances of gene amplification and mutation 
In chapter 3, we continued our exploration on fitness by focusing on glyphosate 
resistance (GR). The unique MG approach allowed us to correlate the phenotypic data 
with genotypic data and compare the two target-site-based GR (TGR) mechanisms 
(EPSPS amplification and P106S mutation) within the same genetic background, on 
their fitness costs and contributions to resistance. We found that phenotypic GR 
remained essentially constant across generations. However, the two TGR mechanisms 
differed in both fitness costs and significance in conferring resistance: EPSPS 
amplification has a significant fitness cost in the absence of glyphosate selection, which 
leads to its decrease in frequency over time and the shift of the predominant resistance 
mechanism in G0 from EPSPS amplification to mainly P106S mutation in G6. 
Intriguingly, there were quite a few glyphosate-resistant plants that possessed neither of 
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the two EPSPS alterations investigated, indicating that these two TGR mechanisms do 
not fully account for GR in waterhemp.  
The high fitness cost of EPSPS amplification and no fitness cost for EPSPS 
mutation that we observed contradicts previous findings in weeds of the same family 
(Giacomini et al. 2014; Vila-Aiub et al. 2014). However, it aligns very well with the 
previous studies in antibiotic resistance showing different significance of different 
evolutionary responses. Unicellular organisms adapt to the novel selection conditions 
through three mechanisms: point mutations, gene duplication, and regulatory responses 
(Andersson and Hughes 2010). Anderson and Hughes (2010) plotted the relationship of 
these three evolutionary responses based on their frequency in the population and 
response time. They found that the hard-wired regulatory responses serve as the 
universal initial response to the selection, followed by gene amplification. Point 
mutations are the most rare in the population and take the longest time to evolve. 
Studies in bacteria and insects also revealed similar results on different roles of gene 
amplification and mutation. When exposed to high selection pressure, gene 
amplification is the initial solution that bacteria evolve before they generate subsequent 
stable mutational solutions (Sandegren and Andersson et al. 2009; Sun et al. 2009). 
Therefore, gene amplifications have a high intrinsic instability and can be easily 
eliminated from the population when the selection pressure is released (Pettersson et 
al. 2009). In fact, the high intrinsic instability of gene amplifications has been 
experimentally measured in some bacterial species (e.g. S. typhimurium): the loss rate 
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for the tandem gene amplifications can be up to 0.15 per generation per cell, once they 
are not continuously selected (Pettersson et al. 2009).  
 The evolutionary response in the plant kingdom that we have already observed 
and will see in the future, can be explained and previewed in microbes or bacteria, 
which have much shorter lifecycles and thus quicker response to selection. Even during 
a relatively short evolution time, we saw similar outcome that has been documented in 
bacteria: decrease in the frequency of less stable gene amplification, which was 
substituted with the more stable mutation. What is more, since the likelihood of mutated 
amplified genes depends on the number of target gene copies (Bergthorsson et al. 
2007), it is not surprising that only a small proportion of plants carry both EPSPS 
modification observed in our study with waterhemp, which has a relatively low range of 
amplified gene copies (3 to 5). As a result of the high intrinsic instability, gene 
amplifications are generally transient in nature. Therefore, we suspect that EPSPS 
amplification will be taken over by mutations, double mutations or combinations of NTR 
and mutations in field-evolved GR weed populations (Nandula et al. 2013; Yu et al. 
2015). 
4.3 Action step: is it possible to reverse herbicide resistance evolution? 
Microbes can maintain antibiotic resistance through three ways: evolve 
resistance through mutations of no fitness cost, evolve secondary compensatory 
mutations and co–selection of the non–selected resistance due to genetic linkage (e.g 
NTR) (Melnyk et al. 2014). Similarly, resistant weeds can maintain HR through the same 
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mechanisms.  The successful reversion of the resistance evolution will largely depend 
on how we tackle these three fitness-oriented factors.  
First, the magnitude of fitness costs associating with HR traits will have profound 
implications for the HR evolution management. Unfortunately, lack of classical trade–
offs for the resistance traits will significantly limit the effectiveness of herbicide mitigation 
strategies, such as herbicide rotation. What is more, for the resistant weed population 
with different resistance mechanisms involved, the interactions between the fitnesses of 
different resistance mechanisms also confound the problem.   
Second, organisms can evolve compensatory mutations or mechanisms to gain 
higher levels of resistance at lower or no cost (Melnyk et al. 2014; de Sousa et al. 2015; 
Angst and Hall 2013). If resistance and fitness are positively correlated, then the most 
resistant populations (i.e. those with the potentially highest economic impact) are also 
the most likely to persist in the absence of positive selection. Amelioration of the ‘cost of 
resistance’ through compensatory mutations requires that the resistance retarding 
strategies (e.g., herbicide rotation) be adopted at the very early stage when resistances 
still bear a fitness cost.   
Last, the NTR to atrazine and HPPD inhibitors will be a great concern due the 
co–selection of non–selected resistance. Genes (e.g. P450s) that endow NTR to one 
herbicide mode of action could simultaneously endow resistance to a wider range of 
herbicides or even new herbicides (Yu et al. 2014; Neve and Powles 2005; Busi 2012; 
Yu et al. 2015; Riechers et al. 2016). For example, multiple NTR to glyphosate, ALS and 
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ACCase inhibitors have been shown to accumulate in one Lolium rigidum population 
(Yu et al. 2009). As a result, those universal NTR genes with little fitness cost are likely 
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4.5 Tables and figures 




Single-generation Study Multi-generational Study
Difficult, inadequate/incomplete Relatively easy
Transgenic lines, multiple populations, 
creation of segregating populations with 
homogeneous genetic background
Any segregating population with both 
resistant and susceptible genes
Knowledge of 
biochemical basis of 
resistance 
Strongly recommended, relay on molecular 
markers
Not necessary, can measure fitness costs of 
NTR or resistance with unknown 
mechanisms
Female (Seed production) or male 
reproductive success (pollen viability)
Overall reproductive success               
(female and male)
Hard to measure every trait and thus can 
miss the growth stages that the fitness cost 
manifest
Unable to specify the traits that contribute to 
the fitness cost
Resource competition Need extra design                                        (e.g. a replacement series study)
Already included in the design                      
(competitive growth of substantial plants)
Environmental 
gradient More easily to incoporate and handle Complex, can lead to a huge study
Life history traits
Time frame One lifecycle, relatively short Multiple lifecycles, long 
Control of genetic 
background
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Figure 4.1 The “ideal” way to conduct a fitness study in detecting cost of herbicide 
resistance 
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